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ABSTRACT 

This paper is a review of some of the work done at 

the von Karman Institute over the past years on separated flows. 

Emphasis is given on a fundamental phenomenon developing in 

reattaching high speed flows. namely, spatially periodic patterns 

of counter-rotating streamwise vortices. Detailed surveys made 

with pitot-static tubes, hot wire probes, recovery temperature 

and heat transfer gages are presented. The effect of stream-

wise vortices on transit ion was studied using axisymmetric models 

on which the strength of vortices could be artificially controlled. 

For this purpose, a new criterion for transition detection was 

used. The effect of air and foreign gas injection in separated 

flow was studied and its application to suppressing local heat 

transfer peaks examined. 
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1. INTRODUCTION 

There are many practical instanees in which boundary 

layer separation occurs. This is particularly so in high speed 

flights because of the presence of shock waves. Shock wave 

boundary layer interactions exist for example at the compressor 

inlet of turbojets or ramjets. on deflected control surfaces. etc. 

on high speed vehicles. 

Af ter separation • . mixing of the shear layer with the 

high speed external flow is of ten sUfficiently large for the 

flow to reattach to the body surface. giving rise to a low 

velocity separation bubble imbedded in a supersonic stream. The 

effect of separation is gene rally detrimental inasmuch as it 

decreases the performance of devices where it occurs. However. 

it can be beneficial if used as a means of reducing aerodynamic 

heating of the surface of high speed vehicles. 

Following Chapman's classification. three types of 

shock wave boundary layer interactions are considered. depending 

upon the location of transition. In fully laminar or turbulent 

interactions. the transition region is located either weIl 

behmd reattachment or weIl upstream of separation. In transi

tional types of flow transition is located between separation 

and reattachment. In most practical aeronautical applications 

at subsonic and low supersonic speeds turbulent type interactions 

do exist. However. at high supersonic or hypersonic speeds and 

high altitudes transitional and laminar interactions are also 

of practical interest. 

A considerable amount of work has been done both 

theoretically and experimentally in this field. It has been 

reviewed in excellent papers (1, for instanee). The present 
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paper is limited to a review of some of the work done by the 

author on this problem during the past few years. Emphasis 

is laid on the discovery of spatially periodic patterns of 

streamwise vortices in reattaching bounà.ary layers which 

produce important spanwise variations of boundary layer pro

perties, in particular of heat transfer. The phenomenon is 

basically related to boundary layer stability and has appli

cation to high speed flights. In particular, a new phenomenon 

called "cross-hatching'" has been systematically observed by 

other investigators on high speed ablating bodies, the origin 

of which ~s hypothesized to be the presence in the boundary 

layer of an array of regularly spaced counter rotating lon

gitudinal vortices (2,3,4). 

The present study is quite general as it covers a 

Mach number range of 1.5 to 7.0 and flow separation caused 

by various types of steps and ramps on planar and axisymmetric 

bodies. The research was conducted at the von Karman Institute 

for Fluid Dynamics (Rhode Saint Genèse, Belgium) and sponsoreà. 

in part by the Air Force Office of Scientific Research, through 

the European Office of Aerospace Research, OAR, United States 

Air Force, under Grants covering the period 1961-69. ending 

with the AF-EOOAR 69-0056. 
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2. EXPERIMENTAL EQUIPMENT 

2.1 Wind tunnels 

Five different supersonic and hypersonic wind tunnels 

(four being located at VKI and one at AEDC) were used to cover 

the Mach number range 1.5 to 7.0, as indicated in t~ble I, 

where stagnation conditions and free stream Reynolds numbers 

are also shown. 

, 
Wind tunnel M Stagn. pre s. Stagn.temp. Re per inch 

psi oK 

S-l (VKI) 2.21 2 to 4 288 5.0 104 

S-2 (VKI) 1.5 14 288 3.7 10 5 

2.15 14 288 3.3 10 5 

S-3 (VKI) 2.67 56 288 9.5 10 5 

H-l (VKI) 5.3 450 373 1.4 lOG 

6.0 450 450 8.0 10 5 

7.0 450 623 3.2 10 5 

D (AEDC) 3.0 2 to 30 295 0.03 to 0.4 10 6 

Tab1e I 

S-l is a continuous c10sed circuit wind tunnel which 

has a test section of 40 x 40 cm2 (16"x16"). It is operated at 

stagnation pressures lower than atmospheric. The stagnation tem

perature has approximate1y the room value. 

S-2 1S a very small continuous wind tunnel with a test 

( . 1" 1") . section of 15 mm x 15 mm 1.e., about 2 x 2 . Dry a1r 1S 
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sucked in through the nozzle by the vaeuum pump that is used to 

maintain tunnel S-l at its low pressure level. In this tunnel, 

tests were made on backward facing steps machined directly in 

the nozzle block itself. 

S-3 ~6 a blowdown tunnel ejecting air to the atmosphere. 

With the compressed air available it ean practically be operated 

as a continuous facility. It has a test section of 5 x 6 cm 2 

(i . e . , 2" x 2.5"). 

H-l is a blowdown tunnel with an effective test section 

of 120 mm x 120 mm (i.e., about 5" x 5"). It is equipped with a 

contoured rectangular nozzle for M = 5.3 and wedge tilt blocks 

for the Mach number range 6 to 8. The running time is of about 

5 minutes at a stagnation pressure of 450 psi. The exhaust pres

sure can be lowered to 7 psi absolute by a supersonic ejector 

using the same air supply. A pebble bed preheats the air up to 

50C °c maximum. 

Tunnel D is a 12 x 12 in. superson~c blow down facility 

located at the Arnold Engineerin g Development Center in Tullahoma 

(Tennessee, U.S.A.). It was used at a Mach number of 3 although 

it can be operated in the range 1.5 to 5 with stagnation pres

sures from 2 to 30 psi. The running time is of the order of 

several minutes with exhaust into a vaeuum tank. 

2.2 Hodels 

Models of various s~zes and configurations were used 

~n the different wind tunnels which are fully described in the 

references listed at the end of the present paper. Main dimen

sions will be indicated in the text when they appear necessary. 
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2.3 Test techniques 

Each tunnel is equipped with its own schlieren and 

shadow system. Flow pictures were taken with spark light sourees 

of small duration time. 

Surface flow visualizations were made by a sublimation 

technique using azobenzene or acenaphtene as indicators. The 

response time varied between a few seconds and a couple of hours 

depending upon the type of indicator, its thickness and the flow 

conditions. The fluorescent oil technique was also used. 

Statie and pitot pressures were measured by differential 

pressure transducers. For statie pressure distributions rotary 

valves and a single transducer were used. 

Detailed surveys were made with small total-head and 

statie probes. The pitot tubes were cylindrical with circular 

noses and the statie probe was a cone cylinder having one single 

pressure orifice, located on its starboard side, twelve diameters 

behind the nose. The probes were fixed to surveying micromecha

nisms that permitted displacements parallel and perpendicular 

to the surface of the models at any streamwise location. 

Spanwise variations of heat transfer in the reattach

ment region of the flow behind a forward facing step were measured 

with a transient calorimetrie technique (6). Streamwise distri

butions of recovery temperature were measured on araldite (ther

mal insulator) models in which thermocouples were imbedded flush 

with the surface (7). 

Hot wire surveys were made at AEDC with a commercially 

available Shapiro-Edwards Model 50B hot-wire equipment. The 
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mean-square voltage of the hot-wire output, given by a vacuum 

thermocouple, was recorded on an x-y plotter versus the spanwise 

location of the wire. The hot wires were 0.0003 in. diam. by 

0.05 in. long tungsten wires, operated with a constant current 

of 25 ma (overheat ratio of 0.2). They were welded on 0.035 ~n. 

diam. sewing needles. 

3. ON THE EXISTENCE OF STREAMWISE VORTICES 

3.1 Surface flow visualization 

Evidence of an orderly three dimensional behaviour of 

high speed reattaching flows on two dimensional models at low 

Reynolds numbers is shown on several photographs in figures 1 

to 11 in which the free stream direction is from left to right. 

On these pictures, streetlike surface flow patterns were visua

lized by a sublimation technique sensitive to skin friction va

riations over the model surface. Dark streaks correspond to 

large friction coefficients. As seen, over the surface of a given 

mode~ spacing of the striations is remarkably constant. This 

tends te suggest that disturbances of a given wave length are 

amplified. while others are damped out. when high speed flows 

separate and then reattach to solid walls. 

Figures 1 to 11 cover a Mach number range of 1.5 to 

7.0 with Reynolds numbers based on distance from model leading 

edge to separation of 10 5 to 10 6 • They involve various model 

configurations giving laminar or transitional types of flows. 

The scale of each picture can be deducted from the characteristic 

dimension quoted in each legend. such as model span. 
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Flows over backward facing steps are shown ~n figures 

1 to 5 at Mach numbers of 1.5, 2.25, 2.67, 5.3 and 7.0. The flow 

over a flat plate with a 20 mm thick leading edge (simulating a 

forward facing step) is presented in fig. 6 at a free stream 

Mach number of 2.25 . The photograph of figure 7 represents the 

surface flow in the case of a forward facing step located 120 mm 

behi nd the leading edge of a flat plate. The Hach n umber of the 

un i form flow parallel to the plate was 2.02. The unit Reynolds 

number was 2 . 1 x 10 6 Im for which transition to turbulent flow 

occurred upstream of reattachment. Figure 8 shows the surface 

flow over a 7 0 5 deg flap mounted 80 mm behind the leading edge 

of a flat plate at M = 2 . 25 and for a tunnel stagnation pressure 

of 180 mm of mercury. In all these cases, except in figure 7, 
the flow was laminar or transitional at reattachment. 

In the course of this investigation it was feared that 

the present phenomenon could be generated by a cross flow in 

the separated region caused by model side effects (finite span). 

The presence of side effects is visible in figure 8 as a typical 

example. Indeed, similar striation patterns were observed in the 

case of an apparently unseparated flow over sweptback wings (60 0 

sweep) at M = 2.25 where cross flow was obviously present (5). 

This is illustrated in figure 9 where one also notes a backward 

facing step in the constant span portion of the model. The 

existence of streamwise vortices induced by cross flow was ex

plained by Owen and Randall (8). For this reason, axisymmetric 

configurations such as hollow cylinder with flares were tested 

at zero incidence. Typical results are shown in figures 10 and 

11 at Mach numbers of 2.25 and 5.3 respectively. They show the 

existence of similar striation patterns than on the planar 

models although side effects were inexisting. 
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To ga1n quantitative information about the phenomenon 

reattaching flows were surveyed with small pitot, static pres

sure and hot wire probes. These probes, aligned with the up

stream flow direction were moved along the model span while 

kept in the boundary layer at constant distances from the model 

surface. 

3.2 pitot surveys 

Figure 12 is a typical example (8,9) of results obtained 

approximately 10 millimeters downstream of reattachment in the 

flow behind a 10 mm high backward facing step. The free stream 

Mach number was 2.25 and the tunnel stagnation pressure 170 mm 

of mercury absolute . In this figure, the variations of pitot 

pressure in percent of the values measured at z = 0 are plotted 

versus the spanw1se coordinate z which has its origin on the 

centerline of the model; y is the distance of the probe axis 

b h ~ . k t a ove t e model surface , u the measured boundary layer th1C ness 

and x the streamwise loc at ion of the probe downstream of the 

step. Figure 12 shows that spanwise variations existed with ir

regular amplitude but with a remarkably constant spacing between 

pressure peaks and valleys. For t = 1 (i.e., at the outer edge 

of the boundary layer) the pitot pressure was very nearly con

stant . For decreasing values of t ' the amplitude of pressure 

variations increased, passed through a maximum at about mid

thickness (near the critical layer) and then decreased until 

the minimum value of y, determined by the probe external diameter 

was reached. Direct measurements with a sliding surface equipped 

with pressure taps indicated small periodic variations of the 

t 
Very sLight spanwise variations . of the boundary Layer thiakness 

were observed indiaating that the outer edge of the visaous Layer 

was wavy. 0# given in figure 12 is a spanwise average vaLue. 
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wall statie pressure. less than 1 to 5 percent (6). Figure 12 

shows that the pressure peaks have fixed spanwise coordinates 

throughout the boundary layer thickness. Comparison with subli

mation pictures indicated a systematic correspondence between 

the locations of these peaks and the dark striations along which 

skin friction is higher. 

Similar measurements were made on the same model at 

different values of x. For each x, the value of t,for which the 

amplitude of the pressure variations was maximum, was selected. 

It is indicated in the upper part of figure 13 which represents 

a cross section of the model (plane x.y) and the corresponding 

pressure variations are shown in the lower part of the figure 

which gives the percentage variation of pitot pressure (abscissa) 

versus Z (ordinate). This figure shows that weak and irregularly 

spaeed disturbances exist upstream of separation. They are am

plified and become spatially periodic when the flow reattaches. 

The amplitude increases until the transition region is reached 

and then slowly decreases in the turbulent flow region. Over 

the available model length the pressure peaks remain at fixed 

spanwise locations. 

The ratio of average spanw~se distance between succes

sive pressure peaks to boundary layer thickness measured up

stream of separation was remarkably constant over the Mach 

number range 1.5 to 7.0 for the various flow configurations; 

it was of about 2.5. 

3.3 Statie pressure surveys 

Typical results of spanwise surveys made ~n the boun

dary layer with a statie pressure probe are given in figure 14. 

vhere the reading of the probe in millimeters of mercury is 
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plotted against the spanw~se coordinate (z). The measurements 

were made at different distances (y) from the model surface, but 

only the results for y = 4.5 and 5.5 mm are shown, as they indi

cate an interesting "phase shift" (i.e . , peaks on one curve 

correspond to valleys on the other one and vice versa). This 

proves, the statie probe being sensitive to smalleross flows, 

that a layer of streamwise counter rotating vortices existed at 

3 . 5 < y < 4.5 mm, as sketched in the figure . In some of the mea

surements, a second layer of vortices was observed closer to 

the wall. 

It therefore appears that the present disturbances are 

caused by streamwise vortices regularly distributed in the 

reattaching boundary layers. 

3 . 4 Hot wire surveys 

Hot wire surveys were made by the author at the Arnold 

Engineering Development Center (11) on the flow over a 10 deg 

ramp mounted on a flat plate. The free stream Mach number was 

3 . 0 and the unit Reynolds number varied between 0.03 x 106 to 

0 . 4 x 10 6 per inch. These surveys were made at three stations 

downstream of the leading edge of the ramp (x = 0.8, 1.5 and 2.6 

inches) . All surveys showed spanwise variations of the mean

square voltage output of the wire, in some cases the variations 

being as large as 40 percent of the average spanwise value. These, 

contrary to the pitot pressure variations, were of a different 

type whether the flow was laminar, transitional, or turbulent . 

Figure 15b shows typical results obtained in a region 

of the flow just pr~or to transition . The mean-square voltage 

output of the hot wire (ëT) is plotted at an arbitrary scale 

versus the spanwise coorjinate (z) whose origin is at the center-
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line o~ the ~lap. Each curve corresponds to a survey made at a 

different height in the boundary layer. It is seen that the e 2 

level ~ir6t increased (0.03 ~ y ~ 0.045 in.) and then decreased 

(0 . 045 ~ y ~ 0.11 in.) as the probe was moved away from the wall. 

This change occurred at about mid-height in the boundary layer 

whose thickness was determined approximately from schlieren 

pictures (6 = 0.12 in. in this case). This was caused by the 

existence of a critical layer of intense ~luctuation energy con

centration in the boundary layer. 

Now, it is quite remarkable that the 61gn of the span

W1se variation of e 2 was reversed as the probe passed across the 

c ri tical layer. This is clearly seen by comparing the spanwise 

distributions of e 2 for y = 0.03 and 0.07 in. in ~igure 15b. It 

is seen by comparing figs 15a and 15b that the pitot pressure 

and the hot-wire, mean-square voltage output peaks have identical 

spanwise locations. Above the critical layer, the peaks on the 

hot-wire and pitot probe traces are opposed, whereas below the 

critical layer they are in phase. 

A cross plot of the results 1n figure 15b 1S given 1n 

figure 16, where the lines of constant, mean-square voltage out

put o~ the hot wire (e 2 = constant) are plotted in the physical 

plane (y,z), y is the vertical distance above the flap surface, 

and z the spanwise coordinate. Although more numerous surveys 

should have been made, it is seen that local fluctuation energy 

concentrations exist along the span, near the critical layer, 

obviously related to the presence of streamwise vortices in the 

flow. 

In the laminar region of the flow (Pt = 2.5 psia, 

x = 1.5 in.) the mean-square voltage output of the wire increased 

continuously with distance of the probe above the flap showing 
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no critical layer . Generally, no s~gn reversal of the spanwise 

variation of e 2 was observed and both pitot pressure and mean

square output peaks had t h e same spanwise location throughout 

t he entire thickness of the boundary layer. 

In the turbulent region of the boundary layer 

(Pt = 7 psia, x = 1.5 in.) the mean-square voltage output of the 

wire decreased continuously as the probe moved away from the 

surf~e. The pitot pressure peaks then correspond to valleys in 

the e 2 distribution and vice versa. 

3. 5 Heat transfer surveys 

Periodic variations of pitot pressure along the model 

span, together with a nearly constant wall statie pressure. in

dicate that the slope of the velocity profile at the model sur

face varies periodically along the span which implies similar 

variations of the skin friction as demonstrated by the subli

mation technique. 

By Reynolds analogy spanwise variations of the heat 

transfer coefficient are therefore expected. Now, it is quite 

possible that, because of this,the aerodynamic heating of the 

model surface becomes locally larger than in the rest of the 

flow o This was qualitatively suggested by some of the sublima

tion pictures which show larger sublimation rates, i.e., skin 

friction, in the reattachment region where striations appeared 

than further downstream in the turbulent zone (see for instBnce 

figure 2). 

It was therefore decided to make direct heat transfer 

measurements ~n the reattachment region of the flow behind a 

backward facing step 8 mm high (6). Typical results obtained at 
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a free stream Mach number of 2.25 and a tunnel stagnation pres

sure of 100 mm of mercury absolute are shown in figure 17 where 

the heat transfer coefficient (h) is plotted versus the spanwise 

coordinate z. To ease the experimental study (see next section 

on leading edge effect), the amplitude of the flow perturbations 

was varied artificially by gluing thin strips of cellulose tape 

to the model surface in the vicinity of the leading edge. These 

are seen in figure l8b and their locations are indicated by the 

shaded areas along the z-axis of figure 17. 

Figure 17 shows the existence of large peaks in the 

heat transfer rate. These peaks are approximately 50 percent 

higher than the heat transfer coefficients measured in the fully 

turbulent region of the flow further downstream and they have 

the same location as the pitot pressure peaks (6). These findings 

were remarkably confirmed by MilIer et alii (12) who observed 

regular striat~n patterns scorched into the stainless steel 

surfaces of their flap models during hotshot wind tunnel tests 

at high Mach numbers. 

4. LEADING EDGE EFFECT 

Small free stream non uniformities and model imperfec

tions which are unavoidable under practical test conditions can 

trigger small disturbances in the boundary layer of the type 

measured upstream of separation {see fig. 13). As the flow 

separates and reattaches, a stability mechani~m acts which or

ganises them into a regular pattern cau ~ ing the spanwise varia

tions of boundary layer properties demonstrated in the previous 

sections. 
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This mechanism is remarkably illustrated in figure 18 

which shows th at strone üisturbances caused by pieces of cellu

lose tape wrapped around the model leading edge led. af ter a 

certain distance behind reattachment. to the same regular pattern 

than with a "clean" leading edge. These tests were made ata 

free stream Mach number of 2 Q 25 with a backward facing step 8 mm 

high. It is also demonstrated by the sublimation picture of 

figure 20 where striation patterns induced by single roughness 

elements are visible. 

The triggering action of the leading edge 1S demon

strated quantitatively in figure 19 where the variations of 

pitot pressure measured behind backward facing steps are plotted 

versus the spanwise coordinate z (10). The mean thickness of 

the model leading edge (E ) as weIl as the amplitude (~E) of 
m 

spanwise variations in leading edge thickness are indicated. 

As seen, reducing the size of leading edge irregularities de

creases the amplitude of the spanwise variations of pitot pres

sure without changing notably the average distance between pres

sure peaks. i.e., the wave length of the phenomenon. 

Assuming no influence of free stream non uniformities. 

extrapolation of the results showed that leading edge irregula

rities should be smaller than 1 to ~ micron to maintain a two 

dimensional flow within one percent. This is of course impos

sible to achieve on practical wind tunnel models or airplane 

wings and the phenomenon is likely to be systematically present. 

The effect of leading edge was further demonstrated 

by testing axisymmetric bodies such as ogive-cylinder-flare 

modeIs. on which the finite size leading edge is replaced by 

a point (the nose). Sublimation technique and pitot surveys 

revealed neither striation pattern nor spanwise pressure varia-
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t i on which p roved at the same time that free stream non uniform

i t ies were too weak in the present studies to trigger disturban

ces i n t h e b oun dary la~e r. 

5. EFFECT OF VORTICES ON STREAMWISE FLOW PROFERTIES 

Evidence was civen of the existence of streamwise 

vortices in reattaching hieh speed flows. They were shown to 

indu ~ e spanwise variations of the boundary layer properties. 

The question then is : do they affect the streacwise properties 

of the reatt a ch i n g flow? For instance, it is known that the 

press u re rise at reattac hment associated by the ability of a 

shear layer to reattach to the model surface, is doninated by 

th e rate of mixing between the shear layer and the external 

flow. It is thus possible that the boundary layer streamwise 

vor ti ces modify this mixin ~ rate and therefore affect the wall 

static pressure distributions. 

To answer this question a "vortex free" (axisymmetric 

ogive-cylinder-flare) model configuration was used on which 

streamwise vortices could be reintroduced "artificially". 

Statie pressure distributions vere then measured with and 

wit h out vortices and the results compared. 

The possibility of inducing streamwise vortices in 

the boundary layer at reattachment by discrete roughness elements 

located upstream of separation was first examined. Figure 20 

shows the effect of small spheres, of various dianeters and 

streanwise locations, glued on the surface of a flat plate (the 

diameter of spheres was always snaller than the local boundary 

layer thickness). As seen, they form striation patterns, i.e., 

streamwise vortices, which under certain circumstances (see 
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third sphere ~rom portside o~ the model) multiply remark-

ably during separation and reattachment of the flow, over a back

ward facing step in this case. It was thus concluded that dis

crete disturbances could produce regular patterns of streamwise 

vortices at reattachment by proper selection of their number 

and size.(It should be noted that the numerous circular spots 

visible in figure 20, downstream o~ the step, are either greassy 

spots or statie pressure taps and not roughness elements). 

Two di~ferent approaches were then used to "artifi

cially" produce regular patterns of streamwise vortices in the 

reattachment region of ~lows over pointed no se axisymmetric 

bodies. In one case, (tests at a free stream Mach number of 

2.25) the vortices were triggered by small jets of air of ad

justable strength issuing normally to the model surface (13) 

and in the other case (tests at a free stream f-'Iach number of 

5 . 3), by small cylindrical roughness elements fixed to the model 

surface (14). The jets and roughness elements were distributed 

around the model in a cross plane located at the junction between 

the ogive and the cylinder, i.e., upstream of separation. The 

number (spacing) and size of these disturbances were systemati

cally modified until nearly sinusoidal spanwise pitot pressure 

variations were measured downstream o~ reattachment, with an 

amplitude similar to those recorded on previous models with 

"natural" vortices. 

This was achieved at M = 2.25 by 48 jets o~ air, 0.5 

mm in diameter, spaeed every 7.5 degr~es (i.e., every 6 mm) 

around the model whose cylindrical portion had a diameter of 

92 mmo The sublimation photograph of fi gure 21 shows the stria

tion pattern obtained on the flare surface under these condi

tions. Figure 22 gives the corresponding peripheral distribu

tion of pitot pressure measured in the boundary layer downstream 
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of reattachment. p is the pitot pressure, z (or e) the peri
p 

pheral coordinate in millimeters (or degrees), Pt the tunnel 

stagnation pressure and p .. the pressure difference in milli-
~nJ 

meters of mercury that controls the intensity of the jets. Mea-

surements made upstream of separation but downstream of the 

jets plane revealed only very slight peripheral pito ~ pressure 

variations in the boundary layer. This demonstrated, as pre

viously observed with "natural" disturbances, that the mechanism 

of separation and reattaehment amplifies initial disturbances to 

produce strong fluetuations of a given wave length af ter reat

tachment. It is, however, unclear how the free shear layer am

p lifies the disturbances and more research is required to explain 

t h i s. 

At a free stream Mach number of 5.3, 32 cylindrieal 

roughness ele~nts were spaced every 11.2 degrees (i.e., every 

3 mm) around the model whose cylindrical portion had a diameter 

of 30 millimeters. The optimum height of the roughness elements 

was 0.2 millimeters (whieh is smaller than the loeal boundary 

layer thickness) with a fixed diameter of 0.5 millimeters. The 

sublimation photograph of figure 23 shows the striation pattern 

obtained on the flare surface under these conditions. Figure 

24 g ives the corresponding peripheral distribution of pitot 

pressure. 

Wall statie pressure distributions were then measured 

~n a meridian plane on eaeh of the two models with and without 

vortices, using 0.2 mm roughness as well as shorter and taller 

ones. Differenees of a few percent only (i.e., slightly larger 

than the usual experimental scatter were notieed at low Reynolds 

numbers, the tendeney being to reduee the separation length 

with inereasing roughness size. At higher Reynolds numbers 

slightly larger differenees were notieed (see also next section). 
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It was th us concluded that streamwise yortices had 

little effect on the wall statie pressure distribution when the 

free stream unit Reynolds number was sufficiently smalle 

similar tests are presently being planned to verify 

the effect of streamwise vortices on the streamwise distribu

tion of heat transfer. and in particular. to answer the question: 

"ar~ the local peaks compensated by local troughs such that the 

heat transfer value averaged over the span is not much affected 

by the streamwise vortices ?" 

6. EFFECT OF STREAMWISE VORTICES ON TRANSITION 

The above discussions seem to indioate that the pheno

menon observed ~n the present investigation is essentially one 

of instability in the two-dimensional flow. This three-dimensional 

configuration has been observed quite systematically in the 

process of transition from laminar to turbulent flow. at low 

speed by other investigators (15.16.17.18). It is thus of interest 

to furthe'r examine the effect of streamwise vortices on transition 

and. in particular. to determine if a shock wave boundary layer 

interaction reacts differently to cha~ in free stream Reynolds 

number with and without streamwise vortices in the reattaching 

she ar layer. 

To study such an effect one needs an accurate method 

of determining the type of interaction (laminar or transitional) 

than one is testing. Classical methods of detecting transition 

in unseparated flows (velocity profile, hot wire. recovery 

temperature, heat transfer measurements.etc.) are difficult to 

use or even inconclusive. This is firstly because flow properties 
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(boundary layer velocity profile, etc.) are much distorted or 

affected by the strong pressure gradient that exists at reat

tachment and secondly, because even if the transition zone can 

be detected one still does not know by how much it can move 

upstream into the reattachment region for the type of interac

tion to change from purely laminar to transitional. 

A demonstration of the drawback of such methods can 

be obtained from interesting results of recovery temperature 

measurements made at the von Karman Institute (7,19). It is a 

weIl known experimental fact that when a high speed laminar 

boundary layer over a flat plate becomes turbulent, the recovery 

t e mperature at the wall increases gradually from the laminar 

theoretical value (recovery factor equal to square root of 

Prandtl number) to the turbulent one (cubic root of Prandtl 

number) af ter passing through a slight peak near the end of the 

transition zone. A tentative to use this technique was made in 

flows over backward or upstream facing steps and flaps at a free 

stream Mach number of 2.25. This is illustrated in figure 25 

and 26 for the case of backward facing steps (19). Step heights 

of 2.7, 5.1 and 6.8 millimeters and free stream unit Reynolds 

numbers of 1.4, 2.3 and 2.9 10 6 per meter were used. The recovery 

temperature (T ) in degrees centigrade is plotted versus the 
r 

distance x from the leading edge of the modeIs. The steps were 

located at x = 120 mmo The theoretical values of T are indicated 
r 

and appear generally lower than the measured values. 

Figure 25a shows the results for a step of height of 

2.7 mm for which the flow was laminar over the whole Reynolds 

number range. As seen, the recovery temperature decreases in 

the separated region behind the step and then increases back 

to its initial laminar flow value. For the 5.1 mm step, figure 

25b demonstrates that the recovery temperature reached at the 
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trailing edge of the model increases with unit Reynolds number 

until the turbulent value is reached. Then, by further increasing 

the Reynolds number, a peak develops which moves upstream. The 

peak further develops for the highest step height (fig. 25c) 

followed by a 'sharp decrease down to a value which is about 

equal to the initial laminar value, although from shadowgraph 

the flow appears to be turbulent. 

Figure 26 shows the recovery temperature distribution 

when the bo~ndary layer was made artificially turbulent upstream 

of separation. It again shows a peak in the reattachment region 

followed by a severe drop to low values. The subsequent rise of 

recovery temperature is then extremely slow. 

This example, which reveals an unexpected flow pro

perty, illustrates the difficulty of using the recovery temper

ature distribution to determine the location of transition with 

respect to reattachment. 

A direct method of detecting transition is the use of 

shadowgraphs. In laminar flows, the boundary layer appears as a 

white line which becomes fuzzy near the end of the transition 

zone. This method was refined by Chapman et al. (20) who noticed 

that in the transition region the white line was converging to 

the model surface (however, in the present tests this could never 

be clearly observed). Using this techniques, Chapman found that 

the statie pressure measured at an arbitrary point in the 

separated region varied differently with Reynolds number in fully 

laminar and transitional cases. However, if there was indeed an 

obvious change in trend for the case of flows over steps, the 

situation was more confusing for flows over ramps. In these 

cases, the rate of change of the "plateau pressure" with Reynolds 

number was none but little affected (see for instance figure 20 

of Chapman's report or figure 29 of the present study). These 
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results were subsequently considered by some investigators as 

the basis of an indirect method of distinguishing between fully 

laminar and transitional separated flow. 

There is a group of methods based on the presently weIl 

accepted fact (21,22,23) that the separation length increases 

(or decreases) when the flow is fully laminar (or transitional) 

while the abscissa xo, at which the pressure starts to rise, 

decreases (or increases) when the free stream unit Reynolds 

number is increased. The separation length (~ ) is, as shown sep 
in figure 27. the distance between the separation (S) and reat-

tachment (R) points on the dividing streamline (DSL). 

However, S and Rare extremely difficult to observe 

experimentally, and an accurate determination of Xo would require 

a considerable number of pressure taps closely spaced. 

A first attempt to develop a safer method was proposed 

by the author (ll). It consisted in measuring, on shadowgraphs, 

the distance between the intersection points of the separation 

and reattachment shocks with the model surface as a function of 

free stream unit Reynolds number. In the present improved ~q~, 

the static pressure is measured at a given abscissa (xN) near 
r -

separation or near reattachment (where the pressure gradients are 

large and the pressure distribution nearly linear) as a function 

of tunnel stagnation pressure Pt (i.e., unit Reynolds number Reu). 

This technique is ' different than Chapman's indirect method where 

the pressure is measured in the separated region. 

The principle of this criterion is clarified by 

looking at figure 27, which shows schematically the observed 

trends of static pressure distributions as the free stream unit 

Reynolds number varies. These trends are suggested by results 

obtained in reference 23 . 
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At low Re , the pressure distribution is shown by 
u 

curve AIA2A3 • As Re increases, this curve moves into BIB2B3 
u 

if the flow is laminar and then towards CIC2C3 as transition 

moves u~stream into the reattachment region. The corresponding 

variations of PXN/Peo are shown for xN chosen near separation 

(XN ~ x s )' in the separated region (xN ~ xp) and near reattach

ment (xN ~ x R ) respectively. Cross plots (a) and (c) show a 

trend reversal while (b) does not. Selection of x N near separa

tion or reattachment is thus far superior to Chapman's choice 

made ~n the separated region. 

A typical example of the results obtained by using 

this technique is shown in figure 28 where PXN/PeO measured in 

the separation region is plotted versus tunnel stagnation pres

sure in millimeters of mercury. The test was made at a free 

stream Mach number of 2.25 using a 10° flap mounted on a flat 

plate. The flap was located 60 mm behind the plate leading edge 

this distance being selected to cover both laminar and transi

tional types of flow. The theoretical variation of PXN/PeO based 

on Lees-Reeves-Klineberg theory (24,25) for fully laminar 

adiabatic flow is shown for compar~son. As seen, the experimental 

data agrees with the theory at low stagnation pressures. but 

gradually departs from it as Pt increases. At Pt = P~. the trend 
* . is reversed. It is concluded that above Pt the flow ~s certa~nly 

transitianal and that the gradual departure between experiment 

and theary that occurs below this value might already be due 

to a gradual penetration of the transition zone into the reat

tachment region, including a possible effect of the streamwise 

vortices. The pressure measured in the separated region of the 

flow (as used by Chapman) is plotted versus Pt in figure 29. 

It is seen that it decreases over the whole range of Ptt even 

above P~ although at a slightly larger rate. By using the 

present method, the upper limit of free stream Reynolds number 
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for the existence of fully laminar interactions at M = 2.25 was 

f ound to be 2 to 4 times smaller than quoted by Chapman et al.(20). 

The present criterion was then used to study the effect 

of streamwise vortices on transition. Typical results are shown 

1n figure 30 which gives the variation of PXN/Peo versus free 

stream unit Reynolds number at a free stream Mach number of 5.3. 

An ax i symmetric ogive cylinder flare (vortex free) model was 

first used and the unit Reynolds number at which trend reversal 

occurred was noted (i.e . , Re = 3.3 10 5 cm -1). Vortices were 
u 

t h en introduced by 0.2 mm high roughness elements located as 

specified in the previous section and PXN/Peu was measured again 

versus Re • As seen in figure 30, the critical Reynolds number 
u 

for trend reversal decreased to about 2.7 lOS/cm. This was 

confirmed by varying systematically the height of the roughness 

elements. 

In conclusion, streamwise vortices that are present 

in the reattaching boundary layer decrease the value of the 

unit free stream Reynolds number above which the interaction 

becomes transitional. this decrease being more pronounced with 

larger roughness elements. In other words, streamwise vortices 

have a destabilizing effect . 

7. EFFECT OF GAS INJECTION IN SEPARATED FLOWS 

It was shown that streamwise vortices which are un

avoidable 1n reattaching flows over planar bodies produce span

wise variations of boundary layer properties. in particular of 

heat transfer with large local peaks. For practical applications. 

it is of interest to develop a method of reducing ~hese peaks. 



- 24 -

for instance, by injecting gas into the separated reg10n of the 

flow. Therefore, experience was first gained at the von Karman 

Institute on the effect of gas injection in separated flows in 

the absence of streamwise vortices. 

For a number of years it has been known that the pre

sence of a cavity in the surface of a body gives rise to a sig

nificant redistribution of surface pressure and heat transfer 

to the body (26,27,28), Speeifically, these quantities are 

redueed in the region of separated flow but experienee a sharp 

inerease (peak) within the vieinity of reattachment, followed 

by a decrease toward the undisturbed values in the downstream 

area. Nicoll (29) and the author (30) showed that it was pos

sible to reduee or suppress these pressure and heat transfer 

peaks (thus retaining the interest of flow separation) by in

jeeting small amounts of gas into the eavity. The author's study 

was made at a free stream Mach number of 5.3 on eone cavity 

modeIs. Gas was injected into the cavity through an annular 

slot loeated near the cavity floor. Figures 31 and 32 show the 

distributions of pressure and heat transfer over the model 

surfaee in the region of reattachment without injeetion (c = 0) 
q 

and with injection of air (e f 0). In these figures, e is 
q q 

the ratio of mass injection rate to boundary layer mass flow at 

separation, pand q are the loeal statie pressure and heat 

transfer rate, pand q their cone values, x is the eoordinate c c 
along the model surface as shown in the sketch and L is the 

cavity length. As seen, the pressure and heat transfer peaks 

deerease with inereasing injeetion rate. Similar effeets were 

obtained with foreign gas injection, light gases being more 

effeetive than heavy ones. The effect of the various gases on 

peak pressure ratio is summarized 1n figure 33, where K is a 

eorrelation parameter whose value is given in figure 34. 
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An attempt to use this gas injection technique in the 

case of reattaching flows with streamwise vortices was made at 

a Mach number of 2.25 by using a backward facing step model. 

Air was injected. normally to the surface upon which the flow 

was reattaching. through a 7 mm wide slot located near the step. 

The interior of the model. acting as a settling chamber for the 

injected air, was shaped in such a way that the velocity of 

injection was constant along the slot span within two percent. 

This was obtained ie particular by limiting the slot span to 

one half the model span. Fences parallel to the upstream flow 

were introduced to isolate the central portion of the flow 

in which air was injected from the lateral portions. 

The effect of injection was qualitatively observed with 

a sublimation technique. Remarkable results were obtained which 

are summarized in the photographs 35 to 37. Figure 35 shows 

the striation pattern caused by the streamwise vortices developing 

in the reattaching flow in the absence of injection. Hote the 

fences and the injection slot which appears as a dark strip 

downstream of the step. Also note that the model leading edge 

does not appear on the photograph. Figure 36 shows that with 

a moderate amount of injection (c = 0.4. i.e., 40 percent of 
q 

boundary layer mass flow at separation) a new striation pattern 

develops which try to match the one developing in the absence 

of injection. One should note that these sublimation results 

were obtained af ter running the tunnel for two to three hours 

and therefore that the phenomenon is very steady. Finally, at 

large c • figure 37 shows that the vortex pattern developing 
q 

in the injected flow overruns the initial one. 

Therefore, this technique does not look very promishing 

to reduce the effect of streamwise vortices on local heat 

transfer peaks. 
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8. CON CLUSION S 

An experimental investigation conducted in several 

wind tunnels at VKI and AEDC over a Mach number range of 1.5 

to 7.0 revealed the existence of a basic phenomenon associated 

with boundary layer transition which develops systematically 

in laminar reattaching flows. Statie pressure and hot wire 

surveys showed the existence of counter-rotating streamwise 

vortices located near the critical layer. These spatially 

periodic vortices are triggered by small and irregularly 

distributed leading edge imperfections and are producing impor

tant spanwise variations of boundary layer properties such as 

velocity profile. skin friction and heat transfer. 

Vortex free configurations were developed ~n the form 

ofaxisymmetric bodies with pointed noses. Discrete roughness 

elements were used on these bodies to reintroduce "artificially" 

periodic streamwise vortices whose effects on wall statie pres

sure distribution and transition were investigated. A new tran

sition criterion was studied for that purpose. based on a 

change in trend of variation of some flow properties with free 

stream unit Reynolds number. 

In transitional and turbulent reattaching flows, un

expected recovery tenperature peaks were observed followed by 

unusually low values. 

Gas injection into separated flow reduced pressure 

and heat transfer peaks existing at reattachment ~n some flow 

configurations, light gases being more efficient than air or 

heavier gases. The injected flow produced its own system of 

streamwise vortices which, at large injection rates, upset the 

vort ex pattern that initially developed in the reattaching flow. 
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a) SCHLIEREN PHOTOGRAPH . 

b) SUBUMATION PICTURE . 

, FIGURE 1. FLOW OVER A 2mm BACKWARD FACING 

STEP AT M = 1.5 - MODEL SPAN: 15 m m . 



FIGURE 2. SUBLIMATION PICTURE OF THE FLOW OVER A 8mm 

BACKWARD FACING STEP AT M= 2.25 - DISTANCE 

BETWEEN FENCES : 150mm. 



. FIGURE 3. VISUALIZATION WITH FLUORESCENT Oll OF 

THE FLOW OVER A 2mm BACKWARD 

FACING STEP AT M=2.67 - MODEL SPAN: SOmm. 

FIGURE 4. SUBLlMATlON PICTURE OF THE FLOW AROUND 

A 2mm BACKWARD FACING STEP AT M=5.3-

SPAN: 120 mm . 



FIGURE 5. SUBLIMATION PICTURE OF THE FLOW AROUND 

A 2mm BACKWARD FACING STEP AT M=7.0 

SPAN :120 mm. 

FIGURE 6. SUBLIMATION PICTURE OF THE FLOW OVER 

A FLAT PLATE WITH A LEADING EO GE 

THICKNESS OF 20mm . SPAN : 300mm . 



FIGURE 7. SUBLIMATION PICTURE OF THE FLOW AROUND 

A FORWARD FACING STEP AT M = 2.02 

SPAN: 386 m m. 



FIGURE 8. SUBLIMATION PICTURE OF THE FLOW AROUND 

A FLAT PLATE WITH FLAP AT M= 2.25 

SPAN: 200 mmo 



FIGURE 9. SUBLIMATION PICTURE OF THE FLOW AROUND A 

DELTA WING AND A 7mm BACKWARD FACING STEP 

AT M=2.2S -MODEL SPAN :200mm. 



FIGURE 10.SUBLIMATION PICTURE OF THE FLOW OVER A 10° 

FLARE MOUNTED ON A HOLLOW CYLINDER AT 

M=2.25- CYLINDER D1AMETER:100mm. 



FIGURE 11. SUBLIMATION PICTURE OF THE FLOW OVER A 

7.5 DEGREES FLARE MOUN TED ON A HOLLOW 

CYLINDER AT M=5.3-CYLINDER OIAMETER:30mm. 
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a) NO TAPES. 

b)WITH TAPES 

FIGURE 18. SUBLIMATION PICTURE WITH AND WITHOUT 

PIECES OF SCOTCH TAPES AT THE LEAD-ING 

EDGE OF THE MODEL - M = 2.25. 
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FJG U RE 19 - Spanwise variatioos of pitot pressure demonstrating 
the leading edge effect 



FIGURE 20. SUBLIMATION PICTURE SHOWING THE EFFECT OF 

ROUGHNESS ELEMENTS. 



FIGURE 21. SUBLIMATION PICTURE OF A FLARED AXI-SYMMETRIC 

BODY WITH 'ARTIFICIAL" STREAMWISE VORTICES 

AT M= 2,25. 
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FI GURE 22_Spanwise variations of pitot pressure on tlare of the 

model shown in figure 21 



FIGURE 23. SUBLIMATION PICTURE OF A FlARED AXI-SYMMETRIC 

BODY WITH 'ARTIFICIAl" STREAMWISE VORTICES 

AT M =5.3 . 
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FIGURE 35. SUBLIMATION PICTURE OF THE FLOW AROUND 

A BACKWARD FACING STEP AT M = 2.25 

NO INJECTION. 



FIGURE 36. SUBLIMATION PICTURE OF THE FLOW AROUND 

A BACKWARD · FACING STEP AT M=2.2S. 

MODER AlE INJECTION. 



FIGURE 37. SUBLIMATION PICTURE OF THE FLOW AROUND 

A BACKWARD FACING STEP AT M = 2.25. 

LARGE INJECTION. 


