Supercritical flow at abrupt expansions

W. H. Hager, PhD, and S. K. Mazumder, PhD

Abrupt channel expansions with super-
critical approach flow are important
elements of outlets and spillways. An
experimental study was carried out, in
which both the free surface and the veloc-
ity field were accounted for. Similarity is
found for the Alow surface profiles,
whereas the velocity field is affected by a
significant scale effect involving the
Reynolds number. A non-dimensional
approach is used for further investigation
of the axial and wall surface profiles. The
flow field is illustrated by typical photo-
graphs, and a generalized design method
is presented. The fundamental low con-
figuration in an abrupt expansion is
analysed, and the results may serve as a
hasis for improving supercritical expan-
sion flow.

Notation
Cuantities with overbar depote cross-sectional
AVErAEes.
A cross-sectional area
£ channel width
F Froude number
gravitational acceleration
flow depth
equivalent roughness height
Manning - Strickler roughness coefficient
length
number of data
dizcharge per unit width
dizcharge
Revoolds number
hydraulic radius
bottom slope
friction slope
lateral momentum iransfer coefficient
streamwise velocity compament
transverse velocily companent
absalute value of velocity
waviness factor
streamwise coordinate
{x/b, "V F ! dimensionless streamwise
coordinate
houndary cootdinate
transverse coordinate
relative flow depth
boundary coordinate
Carializ coefficient
eXpansion ratio
angle of streambine
standard deviation
relative location along wall
Kitematic viscosity
boundary curve parameter

mmmos o maaan

B nytete

& mrE

[ - T =] e
o S

wr

Subscripts
A Axm
b flow boundary

channel boundary
ImpIngEement
minimum
maximum
approach

tangency point
shock front
transition
transverse

wall

scaling quantities
quantities upstream from shock
tailwater quantities
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Introduction

Abrupt expansions form one type of open
channel transition, e.g. a transition structure of
a spillway, a flood relief canal or a bottem
outlet gallery as a part of a hydraulic scheme,
The flow pattern in such expansions is
complex, and knowledge of the hydraulic per-
formance and design procedures is poor,

2, Although it s generally known that
every disturbance of supercritical flow creates
cross or shock waves, the actual information on
the shock wave pattern in channel expansions
is incomplete, For transitions {rom steep to less
steep spillways, one would typically expand the
channel to obtain prescribed tailwater flow
depth. A conventional design would, however,
imply a prismatic channel with increased side
wall height, the generation of shock waves thus
being suppressed.

3. This Paper aims at responding to two
basic questions,

(e} What is the flow pattern downstream of an
abrupl expansion?

(k) What are the design quantities of the
abrup!l expansion?

Review

4. The first and still most significant contri-
bution to supercritical flow in horizontal
channel expansions 15 attributable to Rouse ef
al ' By dimensional analysis, the free surface
I = Kz, ¥) dewnstream from an abrupt expan-
sion depends on the approach width &, the
approach flow depth _ and the approach
Froude number F_ = G/ {gh b2 2 (Fig. 1)
Quantities x and v are the streamwise and
transverse coordinates with origin at the axis
of & symmetrical expansion section. For purg
gravity flow, the relative surface of flow may
he expressed as

h x v
A ) "
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Fig. 1. Abrapt
channel expansion,
definttion of flow:
{a) longiindinal
secfion (b} plan view
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The effect of b,k was shown to be of second-
ary order and neglected. Also, the effect of
Froude number could be included in a modified
streamwise coordinate X = (x/b)F " to read

h ¥ :
5 ) o

-u

The surface downstream from a horizontal
abrupt expansion may therefore be represented
with a three-parameter plot.

5. The second part of the paper by Rouse ¢f
al.! deals with a continuous wall geometry to
reduce the formation of shock waves in a finite
width expansion. The boundary curve v (x]
enclosing some 90% of discharge is

e

b
in which { = 1. Separation from the expanding
curve may be inhibited if { = 1/4. From the
tangency point up to the end of expansion, a
receding curve Yy (Xl is defined. The complete
length of transition £, may be expressed for
expansion ratios f§ = blb, = 5as

= 41 + LX) (3)

4@

L,
= 5 |
P F 1+ 3-2o(p ) 4

(o] o

Further, the position of the tangency point from
the origin is
A 07 (5]
b F,
in which Xg = (x — L)L, — Lband ¥y =
(v — ¥ Wb, /2 — » ), where y, is the transverse
location of the tangency point according to
equation (3). The transition curve from the
point of tangency Lo the end of transition may
he approximated from Bouse ¢f s curve as

¥, = sin (90°X,), 0= X, <! ()

The Kouse transition curve 15 quite long and
increases according o equation (4) linearly
with F,. For i = 3and F, = 4, the relative
length is L /b, = 30; whereas for F, = 10,

(ah

1ol

Ljb, =75 Until now, no serions attempt to
reduce the length of transition curve has been
made.

6. Additional studies were conducted by
Guenzel,® Sherenkov,* and Koch,* A simplified
theory was given by Engelund.® When b and &
denote the average cross-sectional width and
height of flow, and 5, and 5, the bottom slope
and friction slope respectively, the streamwise
momentum equation reads

d [l __ (2?

— |zt ==]=6 = 7
dx (2 : gﬁ!:) S, — S ¢
The corresponding lateral component of
momentum equation may be expressed as

1., d1QdE\ ... f1db
BEHI S rabtyse sEliel el kil ¥ e
Y (2 Bh d.r) HER, (2 dx) 9

The term on the left-hand side accounts for the
axial pressure force. The first term on the right.
hand side is the component of lateral momen-
tum, and the second term describes the lateral
component of bed shear stress. For further
analysis, the friction slope 5‘, was expressed
with the Manning formula. A similarity
analysis yvielded three scaling lengths k. by,
and x,,as a function of discharge and rough-
ness value, Preliminary experiments showed
that unique functions &/ hdxixband &/b(x/x,)
existed, independent of the approach Froude
number and the bottom slope,

7. The first numerical modelling of flow in a
gradual Rouse-type expansion was executed hy
Bellos ef al.® The poverning set of shallow
water equations was transformed in a square
erid net to simplify the computations along
curved boundaries, Then the McCormack two-
step scheme was used Lo determine the free
surface for an approach Froude number F| = 2,
The comparison along the centre-line with the
experimental data was fair and good along the
wall and the intermediate section between axis
and wall profiles.

8. The review of literature indicates that
supercritical flows in expansions are not
actually covered by extended experiments hy
means of which numerical computations could
he checked. One objective of the present study
i= to (111 this gap. A second objective is to study
hoth the free surface and the velocity field of
the abrupt expansion as a hasis for further
improvement of flow.

Experimental installation

9. The experiments were conduocted ina
channel used previously by Bremen.” The water
was led toto a tank 3 min height, with a square
surface of 2 m « 2 m. It outflow was improved
with two porous walls located 1 m and (5 m
upstream from the outflow section, and a
streamlined gate extended by a tailwater cover
to guide the flow into the 0-50 m wide and



1-2 m long approach channel, The origin of the
coordinate system was located at the axis of the
expansion section, At x = (), the channel
expanded abruptly to the tailwater channel of
width b, = 1-5 m. The main experiments were
therefore conducted in a channel with an expan.
sion ratio ff = 6,0, = 3. Additional experi-
ments for f = 2 and # = 5 were made by
inserting channel walls. The flow in this 8 m
long channel could be submerged with a tail-
water flap gate. The channel bottom and the
right-hand side side wall were made of PVC,
whereas the left side was made of glass to
permit ohservation,

10, The installation permitted discharges
up to 270 1s ' and maximum velocities of up to
Tms ' The gate could be hifted 1o a maximum
of 0-200 m, During the experiments to be
described, three approach flow depths were
considered, namely b, = 24 mm, 48 mm and
96 mm. The approach Froude numbers were
F, =124, 6and 8 Therefore, scale effects
could alzo be analysed.

11. The observation of flow included the
free surface kix, v}, as well as the magnitude
Vix, ¥) and the direction of velocity field x, v}
The flow depth i was measured with a point
gauge to the nearest mm. On account of the
high velocity flow, an electrical contact method
was used, Repetitive observation showed that
the errors are confined to +1 mm.

12, The direction of streamlines was
ohserved with a flow direction probe. A flag-
type Plexiglas plate, 30 mm long and 15 mm
high, mounted on a metal pole transmitted the
local value of angle 1o the top of suspension
rod where the angle could be read to the nearest
degree. Then the miniature propeller meter of
B mm internal dia. was set In the direction of
flow as previously established, Preliminary
ohservations revealed that the variation of
angle and velocity in the vertical direction 15
amall, and therefore negligible, Apart from the
boundary laver, and the domains close to the
expansion section, the flow may be regarded as
almost plane, To obtain a two-dimensional flow
field, both the angle meter and the propeller
were located at half of the local flow depth
above the bed. Special air deflection devices
inhibited air entrainment to the probes,

13.  For flow depths smaller than 25 mm, the
propeller probe could not be set in the flow
without aeration, in which case a modified Pitot
tube was used for total head readings, To
dampen the water column fluctuations, a Scotch
adhesive tape with a central cut was mounted
on the glass tube entrance, The modified Pitot
tube proved to be a simple and most effective
device, as velocities up 10 6:5 ms ™! down to
flow depths of 15 mm could be ohserved.

14, One of the reasons that supercritical
flow in channel expansions has received only
scarce attention to date is the difficully inher-
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ent in the methods of measurement. A second
problem is the precision with which a large
model should be finished. In the present case,
variations in the bottom from the horizontal
were + 1 mm. A third difficulty was the uni-
formity of approach flow for large flow depths
h, and large discharges €.

Experimental results

15. The data on typical figures are shown
as surface contours on the upper portion and as
velocity distributions on the lower portion,
with respect to the axis of symmetry. The scal-
ings are b, for length, b, {or {low depth and
V, = (gh )" F, for velocity, All results in this
section refer to an expansion ratioof f§f = 3.

16. In Fig. 2, the demarcation line between
flow and corner deadwater downstream from

the expansion section to the impingement point,

as well as the shock front further downstream,
is included as a dotted curve. The flow is seen
to spread almost linearly, and full expansion
has occurred at x,/b, = 0:85. Then the shock
front divides the flow into a disturbed wall
domain and an undisturbed central core, In the
latter, the flow continues to spread up to the
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shock front, whereas a hill-shaped zone forms
along the wall with maximum hy/k, = 0-77 at
xy/b, = 2-4. The angle of shock front is initially
about 11°%, but increases to 21° at the point
where it crosses the channel axis (x,/b, = 6:2).
Beyond this point, the flow in the wall domain
decreases further in depth, while a complicated
wave pattern occurs in the central domain, This
must be attributed to the small local Froude
numbers slightly in excess of 1. The second
portion of shock front impinges the wall at

x{b, = 9-5. In this Paper, attention is focused on
the domain between the expansion section up to
the first crossing of shock waves, i.e. to the end
of central core flow,

17. Figure 3ia) shows the transition from
approach to tailwater channels in the domain of
the expansion section. The local variation of
flow parameters in this domain is significant,
and a two-dimensional approach would be only
a poor approximation close to the sides of the
expanding stream. Also visible is the impinge-
ment of flow on the side walls and the resulting
shock front. Table 1 gives the flow depth &,
the Froude number F,, and the streamline
directions {1, relative to the channel axis in
front of the shock front at different locations x.
Also given are the local values of measured
angle #,, and flow depth h,, beyond the shock. It
is seen in this typical case that both F, and &,
increase to a maximum and then decrease
slowly. The angle of streamline §, decreases
steadily. The prediction of both &, , and &, are
rather poor as compared with observations.
This was found already by Hager et al.,® and
must be atiributed to non-linear effects. As a
conclusion, numerical predictions based on the
shallow water equations (e.g, Ellis and Pender®)
will deviate considerably from observations,
owing mainly to the neglect of streamline cur-
vature. Therefore, this study concentrated on
experiments, and the results may serve as a
database for more refined numerical models,

18. Figure 3(b) shows an overall view at the
expansion section, while Fig. 3(c) relates to the
complete flow field. The wave pattern down-
stream of the first axial reflection may be seen
from Fig. 3(h).

19.  The second series of photographs (Fig.
4) refers to h, = 96 mm and F_, = 4. Compared
with the run with F', = 2, it is characterized by
much sharper shock fronts and the absence of
undular oblique jumps. Fig. 4(a} and (b) shows
upstream and downstream views, while Fig.
4(c) gives an impression of the high velocity
flow. Fig. 4(d}) refers to the expanding flow
bevond the expansion section.

20. The flow features of F, = § could be
explored only with k, = 48 mm, since the head
for larger gate opening was not available, Fig. 5
shows an analogue to Fig. 2 except that the
entire flow seems to be stretched, The available
length of tailwater channel was just sufficient
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to observe the flow up to the first axial reflec-
tion.

21. Compared with Fig. 2, no wavy surface
pattern may be seen in Fig. 5 for high F',. Also,
the contour curves are much sharper, and the
assumption of hydrostatic pressure distribution
seems now to be satisfied. With regard to the
distribution of velocities, the central core is
characterized by an almost uniform velocity.
Closer Lo the side walls, the velocity decreases
significantly. The rate of decrease is inversely
proportional to the distance from the expansion
section. Bevond the impingement point (x,/b, =
2-4), the velocity increases in the shock domain,
At x/b_ = 8 there are almost two co-flowing
currents: one in the inner core domain; the
other in the outer wall domain. The velocity
distribution in the two domains is almost
uniform and there is a distinct difference veloc-
ity AV between inner and outer domains. The
difference of velocity AV decreases eventually
to zero at the location x/b, = 12-4, Further
downstream, the velocity in the core domain is
reduced considerably to the axial reflection
point (x/b, = 15-4), while the velocity in the
outer domain remains approximately constant.
Table 2 gives an overview on the various
experiments which were conducted at the
abrupt expansion.

22, Figure 6 shows some details of shock
waves, including the axial crossing, the over-
lapping of core flow and wall flow domains,
and reflection at the wall.

Generalization of results

23, According to Rouse e al.,! the effect of
Froude number may be included in the stream-
wise coordinate as X = (x/b,)F, '. In order to
test this presumption, and to simplify the dis.
cussion of results, this approach was analysed
further.

24. Figure T(a) shows the axial surface
profile ¥, = b /h, as a function of X. Up to the
point of axial shock wave reflection, similarity
exists between the curves Y (X) for i, = 48 mm
and 96 mm, and 2 £ F_ < 8, and it may be
expressed as

Y,=02+08exp (—X?) (9

Note that the location of first axial shock wave
reflection does not coincide. For small k, and
large F,, it 15 located closer to the expansion
section than for larger &, and smaller F,. This
scale effect must be attributed mainly to vis-
cosity, ag 1s shown below. Also, the run with
h, =24 mm (R, = 0-20 % 10%) deviates con-
siderably from the general curve, except for
06 =<X=<l.

25. In Fig. 7(b), the wall surface profile
¥, =h,/h, is plotted as a function of dimen-
sionless distance X. Apart from k, = 24 mm,
similarity occurs, except close to the expansion
section at the dead-water zone, where the stag-

157



HAGER AND
MAZUMDER
e ——— |

{a} (k)

Fra. 4. Flow with
hy =86 mm F, =1
ad i =3

(d)

158



Table 2. Experiments conducted in abrap!

cxpansion with fi = 3, approach Reynolds 3
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2
0.2

04
06

0-8

nant water depth depends on surface tension. In

the domain 0 < X = 1/3, ¥, = 0 may practically

be set in a large channel, and more downstream

for the wall profile

5

¥Y,=08ltexp(l —1} {10 ok

Herein, the scaling © = X — 1/3 accounts for a
horizontal shift of the wall profile curve. The
maximuwm wall depth ¥, = 0-81 occurs at loca-
tion t = 1, 1.e. Xy = 4/3. This important {inding
indicates that the wall height in the expanding
channel portion has o be at least 817% of the
approach depth &, independent of the
approach Froude number. [ts location is X =
(4/36_ F_, thus linearly variable with F_.

26.  In a typical application, the approach
flow in a wide rectangular chute is nearly
uniform and may be described with the
Manning -Strickler formula

Rl

-6

g = KSVpss (1)

where ¢ 15 the discharge per unit width, 5, is
the bottom slope, and & is the uniform
approach flew depth, Therefore, the Froude
number is equal to F, = K8V 10 U2 where
£ is the gravitational acceleration and thus 0
almost independent of . As a result, the wall e
height has to be determined from the maximum
approach depth k., while the location xy of
maximum depth is practically constant, An
additional freehoard is needed to account for
spray formation and other simplifications
accounted for,

27.  The transverse surface profile Y (3} for o3
a particular value of X, where ¥ = &/h,, is o
shown in Fig. 8 for X = 025 and 0-75. Again, a
reasonable similarity may be noted which
improves as X — 0. Fig. % shows the average
curves Y[ ¥/(6,/21] for various X up to the
domain of shock front, Accordingly, the free
surface in the core domain may be described

{al

05

()

| ==

0.3

a4

completely by a function in which the stream.
wise and transverse effects are split. The
Froude similarity law seems to be applicable

for B, = 0:3 to 04 = 10%. see Fig. Z)

[c)

-3

[+R:]
06

15

o7

-6

Fig. 5. Flow in expansion for b, = A48 mm, F | = 8 and {{ = 3 (for aolation,
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Velocity distribution

28, The axial velocity plot V,/ V¥, as a func.
tion of dimensionless coordinate X iz shown in
Fig. 1Ha). Compared with Fig, 7(a), significant
scale effects are now present, which are due
mainly to viscosity, and, to a smaller extent, to
boundary roughness (the equivalent roughness
height is estimated to 001 mm, as the PVC
coating was partly slightly damaged). The
decay of streamwise velocity clearly increases
both as &, decreases and F_increases, For
F, =2, the axial velocity 1s almost preserved
uplo X =2, while 90% of V_oceurs for F_ = 4
and hi, = 96 mm. Up to the point of axial shock
wave reflection, the gradient of the function
V.ix) is almost constant, and may be estimated
from the approach (ow gradient.

29 The velocity profile along the wall 15
plotted in Fig. 10(h). Here, *along the wall’
means outside of the wall boundary laver, e, at
vy = 72 cm. The profiles start abruptly from O at
X = 04 to a more or less constant value for
0-8 = X < 3 Again, the constant value
increases with b, and F ' The run with ki, =
24 mm has again a strong scale effect as chock-
iy oceurs for X = 1-3.

Location of shock fronts

30, The location of shocks was defined as
follows, According to Ippen and Harleman,'® a
shock front is not really a standing vertical-
wave, but rather its front is 5-shaped in section
and may become undular, depending on the
approach Froude number F,. Hager ¢f al ® have
further explored the trapsverse geometry of a
shock front for F'| = 28, Undulations of a
shock resulting from wall reflection may or
may not occur, depending on the location rela-
tive to the origin of disturbance,

31.  In the present case, the general pattern
of flow was two-dimensional, although there
were spatial flow features close to the expan-
sion section and at domains of shock reflec-
tions. The location of shock was therefore
defined where the overlapping of tailwater flow
over incident flow started. In general, the shock
front fluctuated about +1 ¢m, and fluctuations
grew with increasing distance from the expan-
ston section, Although not a real shock, the
demarcation line between core flow and corner
stagnation was also observed, Thus a contin-
uous line may be plotted, starting downstream
from the approach side wall and indicating the
boundary between core domain and perturbed
wall domain.

32, Figure 11 shows a generalized plot of
shock location ¥, =y /(b /2) as a function of
longitudinal coordinate X Significant effects of
scale may again be seen bevond the first reflec-
tion point, particularly for &, = 24 mm, Also,
the data for &, = 48 mm depart from those for
i, = 96 mm. Included in Fig. 11 as a solid curve
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is the shock profile recommended for prototype
structures, which follows the data for F, = 2,
R, =96 mm. The expandring border curve is
almost straight and may be expressed as

Y=08+6X8, 12<V <28 (12}

The first reflection point is located at X, = 04,
and the next part of the shock profile has an
initial slope &Y /dX = —075. lts virtual origin
15 Jocated at X = 025 and the shock front may
be approximated as

3=V, =025 4+ 0-75X + 00742,
5 <X <33 (O3

The non-linear effect in the far field is thus
revealed, as the number 0407 is, in gpeneral, a
function of approach Reynolds number.

Effect of expansion ratio
33, The effect of expansion ratio was
studied with additional experiments imvolving

Fig. 7. Lonpgitwdmal
surfave profifes
afong - {a) channel
axts ¥V (&) (h) side
wall Y LX)
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an approach flow depth &, = 48 mm, For fi =
boih, =2, the original approach width was kept
as b, = [F50 m, as for the series with ff = 3, but
twa aluminium walls were fixed on the existing
tailwater channel bottom with b, = 10 m. This
channel was therefore a full model of compar.
able size, As regards the width ratio f# = 5, the
approach channel was divided with an alu
mintum wall to vield a half model of width

b2 =0125 m. The width of the 1ailwater
channel thus hecame b /2 = 00626 m.

34, The qxral surface prafile Y, =, /h asa
function of X = {x/b )F, " is shown in Fig.
12ia), together with equation (%), which may he
considered imdependent from the width ratio 5,
provided that the domain hevond the first
shock is excluded, The data at X = 0 is some-
what higher than Y, = 1 because of increasing
flow depth resulting from wall friction from the
gate outlel at location ¥ = —0-8 m to the expan-
glon section (x = 0).

35, The wall surface profile Y =k, /h is
plotted in Fig, 12{b) An ellect of expansion
ratie may now be seen, but the effect of F is
again negligible, Generalizing the parameter ©
HES

r= H {14)
with

X.=HE-1) {15)

X,, = 0:52p04e (16)

as mimmum and maximum locations of wall
depth height, and

Ve = 1274 {17)

as maximum wall depth for 1.8 < jf < 6, the
profile of wall depth may be expressed as

¥V, =¥V utexp(l —1) (18]

For r =3, equation (18) simplifies to eguation
(10), Note that the rising curve portion has been
approximated shightly below the data, as this
tremd may also be seen in Fig. 7(h) for i,

96 mm. Scale effects are therefore removed
artificially o some extent,

36, Fipure 9 was compared with the data
pertaining to f = 2and # = 5, and a reasenable
overall agreement existed. Accordingly, the
average transverse profiles may be used for
1-8 < fi =6

Fig. 8 (lop), Trawsverse surface prafiles 'h,
as a function of y/b 2 fer iy X = 025
A =074

Fig. qhottom), Average franseerse sprfaee
frofiles: Y [ vith /2] for varions valwes of X



37. Figure 13 compares the locations of
shock front for f = 2 and ff = 5, with the
average curve according to Fig_ 11 for § =13.
The curves for § = 3 and i = 5 are seen to col-
lapse in the domain 08 < X < 2.8 incidentally,
while the curve for i = 2 has another course.
MNote the small effect of F, for the latter.

Characterization of flow

38, In order to compare the overall flow
pattern of flows in various expansion geo-
metries, the following parameters were intro-
duced by which the smoothness of flow can be
measured.

(a) Standard deviation o of depth distribution

[T

where i is the mean depth, & is the actual
depth in a particular cross-section, and » is
the number of depth readings per section.
For @ = 0, constant flow depth occurs ina
Cross-section,

Coriolis coefficient 2 indicating the non.
uniformity of kinetic energy distribution at
a section

(19)

(b}

1
X = ;[ﬁ ; VIHM (2[}}
where Vis the absolute local value of
velocity, ¥ is the cross-sectional average, u
is the streamwise component, and Ad is an
elementary area of cross-section; o = 1
indicates a uniform velocity distribution,
Waviness factor W, as an indication of
actual surface width 5 in a cross-section
relative to the channel width b, as

(c}

z
Wf=g,[$_{hi—h,-_,}:| (21)
where f; 15 the flow depth at location ¥ = fAy.
For W, =0, the surface is horizontal,

Lateral momentum transfer factor T, as the
cross-sectional ratio of lateral to longitudi-
nal momentum

(d)

T, =Y vadd Z w?AA (22)

where (&, v} are the transverse and stream.
wise velocitly components.

g, 10 {top). Longitudinal velocity profiles
along : (a) channel axis: (b) channel wall

Fig 11 (bottom). Shock wave pattern Y X) for
Carious riis
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39, Figure 14 shows the average cross.
sectional flow depth J"i.-'.ir‘1 as a function of X for
fI = 3, and reasonable similarity is seen for both
hi, =48 mm and i, = % mm. The latter may be
considered as almost unaffected by scale
effects. Note that the relation h/k, = 0-401 is
valid to within 4+ 0403 in the domain 0 £ X = 3.

40, In Fig. 15(a), the standard deviation o X)
15 plotted. The similarity seems to be preserved
also for a constant approach flow depth, inde-
pendent of F_. For X > 0-7, the standard devi-
ation is ¢ < 05 and much higher uniformity of
flow occurs than close to the expansion section.

41. In Fig. 15(b), the Coriolis coefficient «{X)
is plotted. There is a general trend visible, with
a maximum of 2 = 1-25 + 0:05 at location
X =07, i.e. where full expansion of flow has
occurred, Further downstream, x decays toa
final value of 1.02-1:04, until the point where
reflections occur again on the wall (not shown
as X =3\

42, Also included in Fig, 15(h) is the wavi-
ness factor WIX). Similarity is well preserved
for the data with b, = 48 mm, while consider.
able scatter occurs for k, = 96 mm, In general,
the waviness factor is below 5%, except for
locations close to the expansion section,

Conclusions

43, Based on an experimental study, the
flow features in a horizontal abrupt channel
expansion are explored for supercritical
approach flow with 2 £ F'_ < 8. The flow
pattern 15 extensively described, and particular-
ities such as the shock front, the expanding
flow portion and the reflection mechanism are
discuszzed.

44, Particular attention 1s paid to the non-
dimensional analysis of flow, involving the
Rouse streamwise coordinate X = (x/b )F ' It
is shown that both the axial and wall flow
depth profiles follow distinct curves of X, pro-
vided that effects of scale are insignificant, The
dominant scale effect 15 attributed to viscosity,
and thus to the Reynolds number, All relations
mvolving velocity are shown to be strongly
governed by scale effects, such that a simple
generalization of results is impossible,

45. Further, the transverse surface profiles
may be plotted as shown in Fig. 8, and Fig. 11
refers to a generalized plot of shock front
peometry. The previous results are then
extended to include expansion ratios 2 < f§f < 5.

Fig, 12 (top), (a) Axial and () wall surface
prrofiles for 1 = 2 (solid symbols) and I = 5
Urght syvmbols)

Fig. 13 (bottom). Shock frants for i = 2 (solid
symbols) and f = 5 (Hght svmbols)



It is shown that both the axial and transverse
profiles are independent of . The wall surface
profile involves a significant effect of expan-
sion ratio, as shown in Fig, 12(b). Particular
attention should be given to the maximum wall
depth ¥, at location X, as given in equations
(16) and (17}

46, In order to compare the flow in abrupt
expansions with other expansion geometries,
various parameters that characterize the flow
have been introduced. These show a high
degree of non-uniformity at the expansion
domain which may be unacceptable, in which
case a geometry other than the abrupt expan-
sion geometry should be chosen,
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