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Paramedical Investigation of the 
Interaction Between Turbulent Wall 
Shear Layers and Normal Shock 
Waves, Including Separation 
The existence of strong shock waves plays a major role in the performance of modern 
aero-mechanical devices, since it is primarily responsible not only for the shock 
induced total pressure drop, but also for the increased shear layer losses due to flow 
separation. In this paper a fast energy-type integral method along with an approx
imate shock-turbulent shear layer interaction procedure are presented. This integral 
method, based on the two-zone model, is able to predict attached and fully detached 
shear flows. An extended turbulence model is also used in order to take the influence 
of the turbulence inside the interaction region better into account. The external flow 
pressure distribution results from an improved and extended form of an approximate 
small disturbance theory. A detailed investigation is carried out to estimate the 
influence of the inlet Mach number, the shear layer characteristics and the con
finement of the geometry upon the static pressure field. The resulting method has 
been successfully applied to several test cases including ones where separation ap
pears. Comparison between results of previous calculations, experimental data and 
results of the proposed method is also presented, along with the convergence history 
of the shear layer—shock wave interaction procedure. Finally, the method has been 
applied to one-stage high pressure supersonic flow compressor with normal shock 
appearance inside the rotor of the machine. The major conclusion drawn from the 
present work is that the shear layer characteristics (e.g., displacement thickness and 
form factor) have a dominant effect upon the flow field near the interaction region. 
Additionally, the proposed method requires no more than five overall iterations to 
reproduce the real flow field for all cases examined. 

1. Introduction 
It is well known today that the existence of strong shock 

waves plays a major role in the performance of modern aero-
mechanical devices, since it is primarily responsible not only 
for the shock induced total pressure drop, but also for the 
increased shear layer losses due to flow separation. There are 
only a few methods able to predict realistically the flow field 
pattern in the region of shock—shear layer interaction. 

Generally speaking, there are two main approaches for the 
investigation of transonic-supersonic flow fields. The first is 
the solution of the compressible three dimensional Navier-
Stocks equations (Dawes, 1988; Hah and Wennerstrom, 1990; 
etc.). The second approach is based on the viscous-inviscid 
interaction theory (Calvert, 1982; Edwards et al., 1986; Kal
dellis et al., 1989; etc.). 

In the recent years it has become possible to calculate fairly 
good the three-dimensional flow field using the first approach. 
However, due to their significant computational requirements, 
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these methods do not provide the necessary physical expla
nation for preliminary design purposes at present. 

On the other hand, in the latest years it has been successfully 
demonstrated that a generalized interacting shear layer theory 
can be used to analyze even fully separated flows. Thus, taking 
into account that such methods are even more efficient for 
high Reynolds numbers, they can provide considerable insight 
into much of the relevant flow physics over a wide range of 
operating conditions. Additionally, the time and cost require
ments are definitely lower than the ones needed to obtain 
similar information from a complete Navier Stokes approach. 

In this paper a fast energy-type integral method along with 
an approximate shock-turbulent shear layer interaction pro
cedure are presented. This integral method, based on the two-
zone model, is able to predict attached and fully detached 
steady two-dimensional shear layers. An extended turbulence 
model takes better into account the influence of the turbulence 
terms inside the interaction region. 

The shock-shear layer interaction procedure is used to real
istically estimate the readjustment of the abrupt pressure rise 
occurring behind the shock wave, especially near the wall. This 
readjustment is directly related to the transfer of information 
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Fig. 1 External flow streamlines' system of coordinates (S8I W„, ne) 

not only downs t ream but also ups t ream th rough the subsonic 
part of the shear layer. For the majori ty of the test cases 
analyzed here , the incoming Mach number is between 1.25 and 
1.40, and the corresponding normal shock waves are of suf
ficient strength to cause shear layer separa t ion . 

2. Governing Equations 

Turbulent Shear Layer. The following equations describe 
the two-dimensional steady flow field of a viscous and com
pressible fluid. In these equations the gravity terms are ne
glected (gas flow) and the flow field is assumed to be adiabatic 
(zero heat exchange). The corresponding system of equations 
constitutes a higher approximation to the Navier-Stokes equa
tions than the classical boundary layer approximation used 
before. This is because not only the dominant turbulent fluc
tuation terms are retained, but also the difference between the 
static pressure of the external and the viscous flow field is 
taken into account. The equations used are: 

(a) The momentum conservation equations written in a 
orthogonal curvilinear coordinate system associated with the 
external flow streamlines (see Fig. 1). These equations are 
integrated along a normal - ne from the solid wall to the end 
of the shear layer. In order to derive their final form (see also 
Katramatos and Kaldellis, 1991), terms containing transverse 
curvatures as well as derivatives of the viscous terms along the 
-Se direction are neglected. 

Integral momentum equation in the marching direction - Se 

d(R-pe-u
2
e-82) 

R-pe-ue-82 
+ h-Hl2 

due Cf t3 

uP 2 -5 2 

dSe + trHf p2' 
d{<4-R2) 

2-ul 

,8-d[KSp-pe-U
2
e-{&l+b2)] 

-d\nh + e J— (1) 

with: 

and 

t3=l/(l+A/52) (2) 

Integral momentum equation in the normal direction - ne 

{pe-p)=p-{v'2)+\ KSe-(pe-u
2
e-p-u2)-dn'e (3) 

(b) The total kinetic energy integral equation drived by 
considering the kinetic energy integral equation of the time— 
averaged flow field and the turbulent kinetic energy equation 
after neglecting the pressure fluctuation terms. The final equa
tion is obtained when the production term in the kinetic energy 
integral equation is substituted by its equivalent expression 
from the turbulent kinetic energy equation. The resulting equa
tion is integrated along a normal ( - ne) from the wall to the 
end of the shear layer. 

Integral total kinetic energy equation 

d(R-pe-u]-^) du d(o>2
0-R

2) 
• + —(8i-&ik)=——2—(5,-5^) 2-R-pe-uett 

with: 

2-ui 

+ 2-f? 
+ Cd-dSe (4) 

/, = l / ( l - B / 5 3 ) (5) 

Parameters tx and t% describe the variation of the turbulent 
fluctuation terms, see also Katramatos and Kaldellis (1991). 
The corresponding terms "A" and "B" are defined as follows: 

, « . , , . . ' 2 , , „ ' 2 V [ 

(6) 

B-

A = 1 J "ne 
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The above-ment ioned equat ions are writ ten after neglecting 
the t ime-averaged no rma l velocity componen t (axial config
ura t ion) . Their complete form is given by Kaldellis (1988) and 
Ka t ramatos and Kaldellis (1991). T h e impor tance of the tur
bulent terms for the successful predict ion of the flow field has 
been proved, experimentally and computa t ional ly , especially 
in separated regions, which often appear inside the interaction 
area . In the following the turbulence model used to calculate 
the corresponding terms is briefly presented. 

N o m e n c l a t u r e 
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= dissipation factor 
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= passage height 
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= density form factor 
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= density 
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Subscripts 

w, w 
x,y 

external flow quan
tities 
kinematic shear layer 
quantities 
undisturbed external 
flow quantity in the 
shock-shear layer in
teraction region 
value at the walls 
indicate the start and 
the end of the shock-
shear layer interac
tion region 
theoretical shock po
sition 
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Fig. 2(a) Compressible correlation for the turbulent fluctuation term A 
Eq. (6) 

Calibration o-f (B/Bk) 
Present Calibration 

<i> Experimental Values 
__ C a l i b r a t i o n o-f Ka l l a s (1987) 

0.00 0.20 0.40 0.60 0.B0 1.00 1.20 1.40 1.60 

Mach (Mel 

Fig. 2(b) Compressible correlation for the turbulent fluctuation term B 
Eq. (7) 

Turbulence Modeling. For the description of the A and B 
integrals, which contain the turbulent terms (Eqs. (6), (7)), the 
available experimental data are used, see also Kaldellis (1988) 
and Katramatos and Kaldellis (1991). Thus, to realistically 
reconstruct the natural changes expressed by the experimental 
data and keeping in mind the scattering of the experimental 
points in case of a direct calibration of the incompressible form 
of the integrals A and B (Kallas et al., 1987; Kaldellis et al., 
1991), the turbulent components <«'2> and <t>'2> were cali
brated instead. Then, the incompressible (p = pe) values of A 
and B, Ak and Bk, respectively, are predicted by integrating 
numerically the distributions of < u'2 > and < v'2 >, see f or details 
Kaldellis (1988). 

Finally, the compressible form of the terms A and B are 
estimated using the following calibrations (see also Fig. 2(a) 
and 2(b)): 

(8) 

(9) 

with £ i i = - 0 . 0 4 8 , e 1 2 = - 0 . 0 2 2 , e 2 j = - 0 . 0 6 7 and e22 = 
-0.0063. The above given relations are slightly different from 
the linear ones given by Kallas et al. (1987). However, they 
describe more successfully the experimental data in the area 
of interest (i.e., 0.8<Afe< 1.5). 

3. Flow Field Calculation in the Shock-Shear Layer 
Interaction Region 

For the calculation of the flow field inside the shock-shear 
layer interaction region, a modified small disturbances theory, 
similar to that of Inger and Mason (1976), Panaras (1981), 
Kallas et al. (1987), and Kaldellis et al. (1989) is used. Addi
tional details concerning the development of this method may 
be found in the above mentioned references, while some more 
recent information concerning the extension of the method for 
the case of shock-secondary flow interaction is given by Kal
dellis et al. (1991). 

A=(.l+en-Me + el2-M
2)-Ak 

B = (\ + e2l-Me+e22-M
2)-Bk 

According to the small disturbances theory, which is sup
posed valid for Mach number inferior to 1.5, the flow field is 
decomposed into a basic flow field and a disturbance. The 
basic flow field is described by the external pressure field as 
calculated by an inviscid quasi-three dimensional code (e.g., 
Alkalai and Leboeuf, 1985) upstream of the shock wave and 
a fictitious continuation of it in the region downstream of the 
shock. The basic flow field is continuous. The disturbance 
consists of the shock wave induced pressure step, which, if 
added to the basic flow field downstream of the shock, restores 
the real flow field. The theoretical development is based on 
the Euler's equation (Kaldellis, 1988). Denoting the basic ex
ternal flow quantities with the subscript zero and disturbances 
with 5(), we may write: 

ue = u0 + 8(u) 

ve = 8(v) 

pe=Po + 5(p) 

h,=h,+8(ht) 

(10) 

(11) 

(12) 

(13) 

pe = p0 + 8(p) (14) 

In order to compute the flow field inside the interaction 
region, the external flow angle (i.e., the flow angle outside the 
shear layers) is considered unchanged through the shock wave, 
which is assumed normal to the flow direction. Introducing 
the above expressions (10) to (14) into Euler's equations, after 
several manipulations and rearrangements (see Kaldellis, 1988; 
Kaldellis et al., 1991), the following equation is derived: 
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r7T'Cos/30 + — 
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bp 1 d(8p) 
Po-^-R p0-a

2 dSe 
coS|Q0 = 0 (15) 

The equation describes the disturbance of the static pressure 
field and is written in the external streamline coordinates sys
tem relative to the wall. 

For numerical analysis purposes, the above equation can be 
written (Kaldellis et al. (1989)) as: 

d2(bp) 
dn2

e 
+ A-

d(Sp) , „ d2(8p) 

dne 
- + B 

dSi 
+ T = 0 (16) 

A first set of boundary conditions, which is considered valid 
inside the interaction region, is imposed (Inger and Mason 
(1976)) by demanding the equality of the pressure disturbance 
field at the edge of the shear layer. The continuity of the 
streamline slope across the edge of the shear layer is used as 
an additional boundary condition. 

The numerical solution of Eq. (16) is obtained either through 
a Fourier transform or by a pure finite difference scheme. In 
the present work, the pressure disturbance field 5p(Se, ne) is 
calculated at any distance from the wall using the first way. 

It is important to mention, that the real static pressure jump 
across the shock wave is needed as a boundary condition too. 
In order to obtain this value, a modified Rankine-Hugoniot 
condition is applied, taking into account the area variation 
across the shock wave, resulting from the shear layer presence. 
Then, the real static pressure jump 5/?,. can be expressed, in 
relation to the theoretical one 5pin given by the Rankine-Hu
goniot conditions, through the following equation: 
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Z—= 1 ~ 7 
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(17) 

This expression is introduced in the shock-shear layer calcu
lation procedure described below and gives a good approxi
mation of the pressure distribution under which the shear layer 
will develop. However, as the displacement thicknesses are not 
known beforehand with accuracy, an iterative procedure is 
necessary. 

Shock-Shear Layer Interaction Algorithm. The two meth
ods described above, for the calculation of compressible at
tached or detached turbulent shear layers and for the prediction 
of the static pressure field across the shock wave, are combined 
to set up the complete procedure for the calculation of the real 
flow field through the interaction region. 

Before describing the calculation steps, some additional 
comments must be made. For confined configurations an ad
ditional viscous-inviscid interaction procedure based on the 
mass conservation equation must also be used (see for details 
Kaldellis (1988) and Kaldellis et al. (1989)), in order to protect 
the shear layers from excessive positive pressure gradients. 

Therefore the shock-shear layer interaction calculation al
gorithm "INTER" consists of the following steps, see also 
Kaldellis (1988): 

STEP 0: The basic external flow field quantities are sup
posed known, along with the inviscid static pressure jump 
related with the upstream Mach number. 

STEP 1: Assume a distribution of the shear layer param
eters (e.g., 5], Hl2, or 8, uT) for the interaction region. The 
choice of the initial distribution of these parameters may be 
sometimes crucial for the complete interaction procedure, lead
ing to failure if the expected increase of the shear layer in the 
interaction zone is not at all taken into account. In this way 
oversimplifications, like 5i = const, through out the interaction 
region, are not recommended. Additionally, a realistic de
scription for the evolution of the shear layer parameters always 
minimizes the total number of iterations. For this reason var
ious polynomial distributions have been numerically tested 
(among them the linear one used by Kallas et al. (1987)). Based 
on its simplicity and its minimal computational requirements 
a parabolic distribution is adopted here. 

Thus for the displacement thickness is assumed that: 

5 , - 6 ! =b'(Se-Sex)
2+(Se~Sex) (18) 

where the coefficients b and c are computed using the slope 
of 5, at the beginning (x) of the interaction zone and the value 
of the <5i at the end (y) of it. For this purpose an empirical 
formulae may be used: 

5b = u(Me)-8lx (19) 

where co(Me) is a relaxation factor, depending on the Mach 
number, taking values between 1.0 and 3.0. Some interesting 
numerical results concerning the influence of w will be given 
in the next section. 

STEP 2: Calculate the real pressure jump across the shock 
wave, making use of the Eq. (17) and the displacement thick
ness distribution. Then calculate the static pressure field 8p 
throughout the interaction region. Using the previously cal
culated static pressure field, calculate the rest pertinent pa
rameters of the external flow field (e.g., velocity, density, total 
enthalpy, etc.). For more details see Kaldellis (1988) and Kal
dellis et al. (1989). 

STEP 3: Calculate the shear layer evolution using the equa
tions given in Section (2). The computational algorithm by 
Kaldellis and Ktenidis (1990) is used. 

Wall Static Pressure Distribution: Gadd's Experiment 

.__ Ca lc . Resul ts [61/H=0.0J 
Ca lc . Resu l t s (61/H=0.003) 
C a l c . ^ R e s u l t s (61/H=0.011 ' 

Q Exper imen ta l Data 
.}- I n g e r ' s Resu l t s 

I n v i s c i d S o l u t i o n 

O 

Q_ 

Q_ 

-4.50 -3.25 -3.00 -0.75 0.50 1.75 3.00 1.25 5.50 

Nondimensional Distance (Se-Se*)/&x 

Fig. 3 The influence of the (S,/H) on the wall static pressure 

Wall Static Pressure Distribution (^0 = 1.32) 

Calc. Results (H12«=l.7l 
_ _ Calc. Results (H12«=2. II 

Calc. Results M12»=<2.6) 
I nv i sc id Solut ion 

Q Rckeret's Experiment^ 

O 

Q_ \ 
Q_ 

-5.00 -3.75 -2.50 -1.25 0.00 1.25 2.50 3.75 5.00 

Nondimensional Distance (5e-Se* l /&x 

Fig. 4 The influence of the H,2' on the wall static pressure 

STEP 4: Compare the new values of the shear layer pa
rameters with those of the previous iteration (step one). If 
convergence is not achieved, repeat steps two to four. Oth
erwise, proceed to the calculation of the shear layer down
stream of the interaction region. 

The above described algorithm is quite stable and presents 
an overlinear convergence rate. As it will be shown later, no 
more than five iterations are needed for complete convergence, 
depending of course on the comments given in step one. For 
a typical test case, each iteration requires approximately 50 
sec CPU time on a 25 Mhz 386 machine. 

4. Parametrical Investigation of the Method-Conver
gence History 

In order to investigate the influence of the shock induced 
shear layer blockage (i.e., ratio of 8t/H) upon the static pres
sure field the experiment of Gadd (1961) is considered. Figure 
3 shows a comparison between the wall pressure predicted by 
the proposed method for various (&\/H) values (e.g., 0., 0.003, 
0.01) and the experimental data given by Gadd for an unse-
parated flow field at Me=l.l2, Cf= 0.0023 and i/12* = 1.9. 
Note that for the unconfined case (with (&\/H) — 0.) the results 
of the proposed method almost coincide with the results given 
by Inger and Mason (1976). The inviscid pressure distribution 
is also presented. The modification of the real pressure jump 
across the shock wave is obvious, and the static pressure rise 
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Table 1. Static pressure jump across the shock 
wave 

Me 

1.10 

1.20 

1.30 

1.40 

6p/Pox 
Inv. 

0.1148 

0.2117 

0.2905 

0.3519 

6p/Pox 
Real 

0.0431 

0.1639 

0.2558 

0.3227 

Wall Static Pressure Distribution 
Calc . R e s u l t s (Me=l.1) 

" - , - - Calc. Results (Me=1.2) 
- __. Calc. Results (Me=1.3) 

Nondimensional Distance (Se-Se*)/ox 

Fig. 5 The influence of the Me on the wall static pressure jump 

Mach Distribution'. Experiment of Copy and Reisz (1980) 

S Calculation Results 

Nondimensionalized Dis t . (Se-5e*)/fix 

Fig. 6 Mach distribution for the experiment of Copy and Reisz 

is reduced with the increase of the {b\/H) ratio. Also note, 
that the results of the present method describe very well the 
experimental data for (<V//) = .003. Thus, while the results 
of Inger calculate 92 percent of the inviscid pressure rise, four 
boundary layer length downstream, the experiment has at
tained 80 percent of the inviscid pressure rise. This value is in 
accordance with the predicted results of the proposed method. 

The influence of the momentum shape factor Hn* upon the 
wall pressure distribution is presented in Fig. 4. A parametrical 
study is carried out for Ackeret's test case, with an incoming 
Mach of Me= 1.32, {bx/H) =0.008 and « = 2.2. In this figure, 
besides the experimental data of Ackeret et al. (1947), the 
results of the present method for various typical values of Hn* 
are given. The experimental data are satisfactorily described 
for Hu* = \.l\. A similar Hxl value (=1.59) has also been 
used by Panaras (1981). Additionally, according to the cal
culation results for lower values of Hn*, the level of the down
stream pressure achieves the asymptotic value almost 
immediately behind the shock position. On the other hand, 
for higher values of Hl2* the length of the interaction zone is 
greater. This behavior is justified since the subsonic part of 

52/Vo l . 115, MARCH 1993 

d i s p l a c e m e n t t h i c k n e s s e v o l u t i o n 
Init. distribution 
In term. Results (1st Iter.) 
Inter-m. Results (2nd Iter.) 
Final Calc. Results 

a Exper. Results Copy S Reisz (1980) 

Fig. 7 Convergence history of the algorithm "INTER". Experiment of 
Copy and Reisz 

momentum shape - fac to r H12 
Calc. Results (Parab.) 
Calc. Results (Linear! 

.__Calc. Results Kallas 11987) 
a Exper. Results Copy <• Reisz (1980) 

Nondimensionalized D is t . (Se-Se*) /6x 

Fig. 8 Momentum shape factor evolution for the experiment of Copy 
and Reisz 

the profile, which causes the diffusion of the shock pressure 
jump, is small. 

Next the effect of incoming Mach number is presented in 
Fig. 5. In order to carry out a parametrical investigation a 
typical test case with CO = OJ(MC), Hl2* = 2.2 and (&i/H) = .005 
is considered. For this case, the real wall pressure jump dis
tributions are given for a wide range of incoming Mach num
bers (1.1 to 1.4), covering the area of interest. As Me increases, 
the strength of the shock induced real pressure jump increases 
(Table 1), while the interaction region's length declines. The 
same trend is experimentally observed and is in agreement with 
Inger's comments. Note that in Fig. 5 the wall static pressure 
jump distributions are nondimensionalized with the corre
sponding asymptotic real pressure jump value for each case, 
given also in Table 1. 

The experimental results of Copy and Reisz (1980) are used 
next to clarify the influence of the initial choice of the param
eters of the shear layer upon the convergence rate and the 
quality of the results. The evolution of the Mach number inside 
the interaction region is presented in Fig. 6. Four iterations 
are only needed to describe accurately the experimental data 
when the parabolic initial distribution is used with OJ=1.8. 
However, six iterations are needed for the linear distribution 
with the same OJ value, while convergence problems are en
countered and more than eight iterations are needed for o> = 1 
(constant 5) distribution), see also Eq. (19). More precisely, in 
Fig. 7 the convergence history of the 5| distribution is shown 
for the test case of Copy and Reisz, using the parabolic dis
tribution with OJ=1.8 as an initial approach concerning the 
shear layer parameters inside the interaction region. The con
vergence rate is typical for all cases examined here. 

Finally, the Hi2 distribution is given in Fig. 8, as it results 
from the proposed method, in comparison with the results 
given by Kallas et al. (1987) and the experimental points. The 
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Fig. 9(D) Experiment of Kooi; Mach number distribution 
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Fig. 9(c) Experiment of Kooi; displacement thickness distribution 
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OOOOO Exp. data (Kooi 1975 ) 
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Fig. 9(d) Experiment of Kooi; friction coefficient distribution 

choice of a linear or a parabolic type initial distribution, with 
the same co value, does not considerably affect the quality of 
the results. However, the parabolic distribution needs about 
50 percent less computational time than the linear one. 

5. Discussion of the Calculation Results 
Having systematically analyzed the influence of the main 

flow parameters upon the pressure field, using some classical 
test cases, three more test cases which present flow separation 
or have industrial interest are investigated next. 

Kooi Separated Test Case (Me = 1.40). The detailed ex
perimental data of Kooi (1975) are used as the first test case 
(Fig. 9(a)) to by analyzed. For this case, the incoming Mach 
number is equal to 1.40 and the normal shock wave is of 
sufficient strength to separate the shear layer. In Fig. 9(b) the 
Mach number evolution is given in comparison with the ex
perimental data and the results given by Kallas et al. (1987). 
The two theoretical methods predict with acceptable accuracy 
the real wall Mach distribution, which differs by more than 
20 percent from the corresponding inviscid value. Note also 
that the real wall pressure attains only the 78 percent of the 
theoretical inviscid value downstream of the shock wave. This 
is mainly due to the flow acceleration imposed by the blockage 
effects related to the separation of the shear layer. 

Subsequently, the predicted distributions of two main char
acteristics (i.e., 5, and C/) of the shear layer are given in Figs. 
9(c) and 9(d). In Fig. 9(c) not only the experimental data but 
also the results of Kallas et al. (1987) and Edwards et al. (1986) 
are also given for comparison. All three methods predict quite 
satisfactorily the experimental data. However this is not the 
case for the skin friction coefficient, given in Fig. 9(d). The 
results given by Edwards et al. (1986), for variable pressure 
along the shear layer and using a modified Cebeci-Smith tur
bulence model, underestimate the experimental skin friction 
and indicate a larger separated flow region than the experi
mental one. 

East-Wind Tunnel Test Case (Me = 1.40). The test data 
examined here are from investigations of shock wave boundary 
layer interaction carried out in the 3 ft x 3 ft wind tunnel at 
R.A.E. In order to simulate the tests for prediction purposes 
the bottom half of the working section is modelled as a cascade 
of flat plates at 50° stagger angle and with pitch/chord ratio 
of 0.3, see also Fig. 10(a). More details concerning the exper
imental conditions are given by East (1976) and Calvert (1982). 

The value of Mach number upstream of the shock is ap
proximately 1.4 and Re^ at the start of the interaction is 7000. 
In Figs. 10(6), 10(c) and 10(c0 the predicted distributions of 
the wall Mach number, the displacement thickness and the 
boundary layer shape factor Hi2 on the suction surface are 
compared with the measured values along the floor of the 
experimental tunnel. In the same figures the results by Calvert 
(1982) are also given. The overall agreement between the pre
dicted results and experimental data is good. Additionally, the 
values of 5j after the shock do not overestimate the experi
mental data, though the sidewall boundary layers are partially 
included in the present calculation using a simplified wall dis
placement approach. However, the results of the method con
cerning the di distribution almost coincide with the results of 
Calvert (1982) if the sidewall shear layers are not taken into 
account. 

On the other hand, thei/12 distribution is almost independent 
from the presence of the sidewall shear layers. The improve
ment of the results of the present calculation in comparison 
with the results given by Calvert (1982), is mainly related to 
the extended turbulence modeling (i.e., terms A, Eq. (7), and 
B, Eq. (8)) and the inverse way of solving the nonlinear system 
of equations (Kaldellis and Ktenidis, 1990). 
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Fig. 10(a) Experiment of East; experimental configuration 
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Fig. 10(b) Mach distribution for the experiment of East. Comparison 
between theory and experiment. 

ECL3 Supersonic Compressor-Rotating Blades (Me= 1.31). 
In order to underline the applicability of the proposed pressure 
calculation method, the overall method has been used to ana
lyze the flow field through the rotor of a supersonic axial 
compressor, Fig. 11(a), with a stage pressure ratio of IIC= 1.84, 
specific mass flow rate ms= 180 Kg/sec/m2 and rotation speed 
n = 15965 rpm. The integral equations used to analyze the flow 
field in the main flow direction are similar with those given in 
the present work (see also Kaldellis et al. (1989)). The secondary 
vorticity field, necessary to build the three dimensional flow 
field, is calculated using the secondary flow method developed 
by the authors (see Kaldellis, 1988; and Kaldellis and Ktenidis, 
1990). 

In the present analysis, the static pressure evolution along 
with the boundary layer thickness 5 and the wall friction ve- • 
locity uT are given for the tip of the rotor. The calculation 
results of the proposed method (Fig. 11 (b, c, d)) are compared 
quite satisfactorily with the available experimental data at the 
inlet and the outlet of the rotor (see Goutines and Naviere, 
1987). It is interesting to mention that for this test case the 
static pressure increases continuously, also far downstream of 
the interaction region, Fig. 11(b). Note, that the inviscid so
lution overpredicts by more than 15 percent the static pressure 
measured at the exit of the rotor. 

Displacement Thickness Evolution 
Calculation Results 
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— . Calc. Results Calyert (1982) 
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Fig. 10(c) Displacement thickness evolution. Experiment of East. 
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Fig. 10(d) Momentum shape factor evolution. Experiment of East. 

Additionally, the tip shear layer increases very rapidly (Fig. 
11(c)) after the shock wave. However, inside the rotor the 
shock-induced strong deceleration is balanced by the energy 
transfer from the rotating blades to the fluid. This fact explains 
why the friction velocity values (Fig. 11(d)) do not indicate 
flow separation, despite their strong decrease. 

6. Conclusions 
An extended shock-shear layer interaction method is devel

oped in order to improve the understanding of the flow pattern 
inside the interaction region. For this purpose, the influence 
of the incoming Mach number and the shear layer character
istics on the complete flow field is examined in details. 

Additionally, favorable comparisons are obtained between 
the calculation results and the corresponding experimental data 
for several test cases (including separation), proving the sta
bility and the accuracy of the proposed method. 

The method will be used in the near future as the main body 
for the investigation of the loss generation mechanisms in 
transonic-supersonic flow fields. It is important to mention 
that the losses of transonic and supersonic compressor bladings 
for example are mainly due to viscous effects and due to en
tropy rise in shock waves. Depending on the inlet Mach num
ber, the inlet flow angle and the back pressure, the shock loss 
level reaches sometimes up to the 70 percent of the overall 
losses. Having the present work as a basis, a shock-shear layer 
loss model is under development. When completed, it should 

54/Vo l . 115, MARCH 1993 Transactions of the ASME 

Downloaded 18 Jan 2010 to 129.132.128.136. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



SUPERSONIC COMPRESSOR 

Fig. 11(a) Schematic representation of the ECL3 supersonic compres
sor; meridional view 
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Fig. 11(b) Tip static pressure distribution tor the rotor of the ECL3 
supersonic compressor 

lead to better blade design procedures and thus higher engine 
efficiencies. 
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