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ABSTRACT

The "hypolimnetic flow" is a two-layered flow with the upper layer stag-
nant. This report presents the possibility of different flow regimes
for the hypolimnetic flow which may be determined from the parameters of
slope of channel bottom, flow depth, flowrate, density difference of
water in the two layers, and channel roughness. The analysis is limited
to the steady-state case of the hypolimnetic flow and the "upper layer
analysis" in which the lower layer is stagnant. Interfacial profile
equations which predict possible existence of ten different flow re-
gimes for the hypolimnetic flow and two regimes for the upper layer
analysis were obtained form the equations of continuity and momentum

for two-layered flow.

Experimental apparatus, consisting of a large scale open-channel tilting
flume and water supply and control systems capable of circulating water
of two different temperatures was designed and constructed. The experi-
ment employed observations of a dyed flow layer and measurements of
vertical temperature distributions in the flume. It was found that
eight different flow regimes could be generated in the flume for the
hypolimnetic flow on the positive and horizontal slopes.

To use the governing differential equation of the interfacial shapes

for the prediction of the flow regimes, it is recommended to investigate
the non-established portion of the flow, the definition of the critical
depth, and the interfacial friction factor.

This report was submitted in fulfillment of Project Number 16080 FVK,
Grant Number R-800943, by the Towne School of Civil and Urban Engineer-
ing, University of Pennsylvania, under the sponsorship of the Environ-
mental Protection Agency. Work was completed as of April 1974.
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SECTION I

CONCLUSIONS

The interfacial profile equations were developed for steady hypolimnetic
flow, including the upper layer analysis, of a unit width. These can be
understood with a slight extension of the knowledge of open-channel
hydraulics and predict the existence of twelve different flow regimes.

A large scale experimental flume which is capable of handling the re-
quirements to produce the hypolimnetic flow by temperature difference
was constructed.

The existence of eight different flow regimes on the positive and hori-
zontal slopes was verified in the experimental flume.



.SECTION II

RECOMMENDATIONS

This investigation was limited to the laboratory study of the established
hypolimnetic flow. It was not within the scope of the investigation to
develop the method of the accurate prediction of the interfacial shapes.
for the different flow regimes. It is recommended that the following
items should be investigated to fulfill the above purpose.

1. The location and size of the frontal zone which exists at the point
where the flowing layer goes under the stagnant upper layer.

2. The location and depth of the vena contracta occurring after the
gate.

3. The method to obtain the value of the interfacial friction factor.

4., The definition of the stratified critical depth.

5. The effect of the internal circulation in the Tayer of no net flow-
rate, although it did have 1ittle effect in this study.

6. The magnitude of the momentum coefficient in the flowing layer.



SECTION III
INTRODBCTION

This report presents the verification of the existence of the different
flow regimes of the hypolimnetic flow by the experiment using a large
scale experimental apparatus.

The hydraulic analysis of the hypolimnetic flow was reported earlier.
However, the analysis is presented again {in this report, since further
analysis has been done, and to provide the references for the equations
used in the data analysis.

Section 4 deals with the derivation of the equations of continuity and
motion for one-dimensional, unsteady, non-uniform two-layered flow, which
are the base for the interfacial profile equations derived in section 5.

In section 5, interfacial profile equations for the hypolimnetic flow of
a unit width are derived for the steady state case. These interfacial
profile equations suggest many possible flow regimes. The term "upper
layer analysis" 1s used for the case with stagnant Tower layer.

The uniformity of velocity distribution is assumed in both layers in the
derivation. Then, the change in the interfacial profile equations is
studied with the assumption of non-uniform veldcity distribution in the
flowing layer. For convenience of computation and to obtain a more uni-
versal expression of results, non-dimensionalized forms of the inter-
facial and free surface equations are included. In addition, the effect
of the following factors on the form of the interfacial profile equations
is examined: a circulation of water in the layer with no net flowrate
and the wall of the experimental flume.

The free surface profile equation for open-channel flow on a horizontal
slope is derived and is used as a basis for estimating the roughness of
the flume section.



Section 6 is concerned with the design and construction of the experi-
mental system. The conditions required for the system are listed.

Section 7 deals with the experiment and the data. After the reason for
the change of the original plan of the experiment is explained, the
experimental procedure {s described in detail. Inconveniences and de-
ficiencies of the experimental system found during the experiment and
crude discussions on the accuracy of parameters are included.

The verification of the existence of the predicted flow regimes is done
by visual observations, photographs, and temperature distribution curves.

Some discrepancies between the stratified critical depth determined by’
its definition using the data and the stratified critical depth expected
from the interfacial profile were found. Further, reliable values for
bottom friction factor and a good method to estimate interfacial friction
factor could not be obtained. Therefore, a method to estimate the bottom
friction factor was developed. An attempt was made to correct the strati-
fied critical depth and estimate the interfacial friction factor by using
the interfacial profile equation, the interface and data obtained, and
the estimated bottom friction factor. The results of the experiments

and this attempt are shown in Sec. 7.3. Observations obtained throughout
the experiment are described in Sec. 7.1. Observations for each profile
designation are in Sec. 7.3.



SECTION IV

HYDRODYNAMIC THEORY OF HYPOLIMNETIC FLOW

Schijf and Schiinfe]d.I presented the equations of continuity and motion
for one-dimensional unsteady non-uniform two-layered flow of a unit
width which are the base for this investigation. The equations may be
derived from the most general expressions of conservation of mass and
1inear momentum and described in the following sections.

The concept of continuum field theories is premised for the derivation.

4.1 EQUATIONS OF CONTINUITY

If there are no sources or sinks in the material volume of fluid under
consideration, and mass transfer due to diffusion is ignored, then con-
servation of mass can be written as

DI dav=0
B‘l-:. vm(t)p Ve M

where D/Dt = material derivative
Vm(t) = material volume
p = p(x,t) = density of the homogeneous fluid at x, spatial
coordinates and t, time, the underbar indicates
vector
v = volume
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The Reynolds transport theorem™ can be stated as

D %
—_ dvs= —av+/ $v-ndA
DtIVm(t)é fVm(t) at Ap(t)
where ® = arbitrary scalor or vector
a/ot = partial derivative

g“b

Lamnd
ot

"
n

surface bounding Vm(t)

|
|<
—
1>
-
(-.‘
N
I

velocity of the fluid at x and t
= unit normal vector

A = area
If p is substituted for ¢ in Eq. 2 and Eq. 1 is used,

p

Vm(t )-;édV'i'f

I )px-adA=0

Ant

If use is made of the divergence theorem,

fvv-\I'dV=f A¥-nda

1]

where ¥ = arbitrary vector or tensor
v = gradient vector operator,
Eq. 3 can be written, by letting v = pv, as

p

Since Vm(t) is arbitrary,

(2)

(3)

(4)

(5)



p

v =0
Eq. 6 can also be written as
Dp
—+ . =0 7
ot pV-v (7)

Assume an incompressible flow, which is usually done for water; then,
Do/Dt=0. This states that the density of a fluid particle does not
change along its particle path. Since the density of water is mainly
determined by its temperature and substances dissolved (or perhaps
suspended) in it, this assumption is equivalent to the neglect of the
molecular transport of energy and of the dissolved substances across
the boundaries of fluid particles. Then

V.y=0 (8)

In order to take into consideration the turbulence usually existing in
open~channel flow, instantaneous values of flow properties are written
in terms of mean values and fluctuating components. Substituting
v=v+y' (in which "overbar" indicates mean value and "prime" denotes
fluctuating components) into Eq. 8 and taking the average yields

v.i:()
(9)
as the mass conservation equation for an incompressible flow. [For
reference, the condition of incompressibility expressed in the average

can be obtained by taking the average of Eq. 6 and substituting Eq. 9:

P _ __ —
et VA+V 2TV =0 (10)



The integration of Eq. 9 over Va(t), which is a control volume moving
through the space in an arbitrary manner, is carried out in order that
the equation can be used for a specific problem:

Iy, (¢)7xav=0 (1)

From Eq. 11 on, the overbar indicating mean value on v will be understood.

If the divergence theorem with v in place of ¥ in Eq. 4 and the general .
transport theorem,2

where d/dt = total derivative
Aa(t) = surface bounding V (t)
W = mean velocity of points on the surface of V,(t)

with substituting 1 for ¢, are used, Eq. 11 may be written as

d
;;fva(t,dWIA (t) (¥-¥)-nda=0 (13)

Assume, in a channel, the existence of the two distinct flow layers of
different densities separated by an interface across which 1ittle mix-
ing occurs. It is also assumed that the free surface and the interface
are horizontal in the direction of the width of the channel. A control
volume can be described as in Fig. 1.

10
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Fig. 1. Definition sketch for two-layered flow.

= longitudinal distance (in the direction of the
flow

= transversal distance (in the direction of the

width of the channel)

vertical distance (in the direction normal to

the x direction)

h(x,t) depth of a layer

b(x,z) = width of a channel

subscripts 1 and 2 indicate upper and lower layer, respective-
ly.

Aa(t) can be
(1) At)

(2) A(t)
(3) AS

divided into the following three areas:

area of entrances and exits through which the flow enters or
leaves the control volume (cross section);
area of moving boundary (free surface and interface);

area of fixed boundary (bottom and other wetted perimeter).

1



If there is no appreciable precipitation on or evaporation from the free
surface, and no mixing occurs at the interface, the velocity w=v can be
assumed on As(t). If there is no inflow or outflow, including ground-
water flow at the wetted perimeter, w=v=0 on A, may be used. Let Ae(t)
be fixed (w=0), and Eq. 13 reduces to

s I
For the upper layer, it is
da =
ol \'z v-ndA=0 15
dtfvél(t)d +I el(t) (%)

Leibnitz's rule is used to calculate the total derivative of integrals.
The first of Eq. 15:

df qv= ( the 1 ) d h1+h2
3t val(t) =(1in e limit dxaz h2 bdz

3(h, +h ah
=dx[b(h1+h2 )——(—l—-—z-—) b 2]

The second term of Eq. 15:
h1+h2

n the limit dx——f <v. >bdz
I 1(t)v -ndA=(i e ) h, "

h;+hy ;

_dxf [<vx>b]dz

+dx<vx(h1+h2)>b(hl+h2)-————-—-

an,
-dx<Vx(h2 ) >b (hz )-5;

12



where WV E <vx(x,z,t)> = average of the velocity in the direction of
the flow integrated over a horizontal lamina.

Assume ab(x,z)/3x = 3b(x,z)/3z=0, or b(x,z)=constant and cancel bdx.
Then,
3h; hy+hp 3 3(hy+hy)

< hy+hy)>
rr h, ax'<vx>dz+ vx(hy 2) o

ah,
-<Vx(h2)>?gz=0 (16)

If it is assumed that

<vx(hl+h2)>=<vx(h2)>=Ul(x.t) (7
17722 -1
— dz=h,—=

where U1 = average velocity in the upper layer, Eq. 16 can be written in
the following form.

ah, dU;  3h,

h, —= _1_
3t 1 5 U150 (19)
It can also be written as
dh, 2
—1, 20
3¢ Vo (hyUy)=0 (20)

Similarly, for the lower layer (integrating from 0 to h2), if the assump-
tions,

<v*(h2)>=U2(x,t) (21)
h
29 3U2
IO -a-;<vx>dz-h2-;x— (22)

and

13



are made,

dh U dh
ot ax X
dh, 2
2
ot Tax 22 (24

and also

4.2 EQUATIONS OF MOTION

The conservation of 1linear momentum can be stated as

D

— vavs=/
Dt

! yeEav+] -DdA, (25)

, T
Vp(t) Vp(t An(t)
where F= body force per mass and T= stress tenor.

If the gravitational force is considered as the only body force, F=g,
which is the gravitational acceleration vector. Using the Reynolds
transport theorem (%=pv in Eq. 2) and the divergence theorem (y=pvv and

=T in Eq. 4) and also the relation

T=-PI+g
where P = pressure
I = unit tensor
g = shear stress tenor
yields
v
!vm(t)[i%f;'_’w. (pvy+PL-g)-pg Jav=0 (26)

14



Since Vm(t) is arbitrary,

pov)

+V- (pyy+PI-g)-pg=0 (27)
at

Before accounting for the turbulence, assume the incompressible flow of
a constant viscosity, Newtonian fluid. Then,

where y = viscosity

Substituting v=vtv', P=P+P', o= ptp' , and g=g+g' [and therefore v-
(g+g*)=uv2(¥+v')] into Eq. 27 and taking the average yeilds

A(pu+p'v")
it

+V - (pVv+pVv vi+p TV 4+ VI VR V' V!

If 3(o'V")/5t is ignored and let I=g-pV'V'~p W -p'V'V-p'¥'V' 5O that t
may be called the stress considering the turbulence, Eq. 29 becomes

3—a€(py)+vo (pyy+P1~7)-pg=0 (30)
where overbars for the mean are understood.

By integrating Eq. 30 over V (t) and using the divergence theorem
(y=pvv+P]-1 in Eq. 4) ‘and the general transport theorem (¢=pv in Eq. 12),

15



d
:i—t-fva(t)pydv-ran (t)py(\_r-t_\_r)- gdA+an(t)P£. QdA'an(t)I' ndA

-fva(t)Png=O (31)

Again, assume the existence of the two-layered flow stated in Sec. 4.1

and a cantrol volume shown in Fig. 1, and take the same division of Aa(t)
and boundary conditions; then,

d

;‘fva(t)PYdV'i'IAe(t)P YY-I_]dAi’an(t)PQdA-an(t):. ndA

“fva(t)"gdv=° (32)

The change in variables in the transverse section of the channel is not
considered hence forth.

In order to consider the z component of Eq. 32, dot k, which is a unit
vector in the z direction, with Eq. 32 to obtain

)

dat Va(t)PVzdv+f )pvzy.gdA+f Pk-nda-[ k-(z-n)aa

Ae(t Aa(t) Aa(t)—

-fv (£)PI8V=0 (33)
a

where subscript z indicates the z component of a vector.

Assume that

(1) the channel bottom is practically straight in the direction of the
flow;

(2) the mean particle paths of the flow are nearly parallel to each other
and to the channel bottom; and
(3) the slope of the channel bottom is less than 1/10.

Since we can define

16



g=-9p

where p = unit vector in the perpendicular direction

g = acceleration of gravity,
gz=g.5=-gg-g=-gcosez-g
where 8 = angle between the x axis and the horizontal

Eq. 33 is applied to a differential volume dxdydz.
Cancelling dxdydx yields

) ] P 3Ty, aTyz 0T,
eV v PVt T Ty ez

Z+pg=0 (34)

where the first subscript for 1 indicates the plane on which the stress

acts and the second one denotes the direction in which the stress acts.

It is assumed that

T T
XZ_0, and —=%

2z

=0

a 2 )
5€(PVZ)=0:'5;(PVZVX)'O’

(Of course, aryz/ay=0, since the change in the y direction is not con-
sidered.)

Further, for the upper layer, the density of the water is assumed to be
Py and constant in the z direction. In addition, the surface and inter-
facial tension can be ignored. The, what is left is

P
——+pg=0 (35)
.}

Eq. 35 can be solved with a boundary condition, P=Py= atmospheric pres-

sure at z=h]+h2, to yield

For the lower layer, it is assumed that Po is constant in the z direction,
and the interfacial tension can be ignored. In a similar way,

17



Take the x component of Eq. 32.

fv (£)PVx dV+fA (£)P VY- -ndA+[ Pi:nda-[ i-(r-n)dA

A, (t) A (t)*

+fvé(t)pgxdv=0 (38)

where i= unit vector in the x direction,the subscript x indicates the x
component of a vector.

Each term of Eq. 38 for the upper layer is examiried. They are expressed
in the limit.

d d f hythy <v_>bd
. dv dx. P, <V z
dtj a1 (£)P1Vx h, 1x
h,+h
1724
- — >
_dxfhz rm ( P1<Vx b)dz

+dxp1(h1+h2)<vx(hl+h2)>b(h1+h2)———————-

3h2
-ax Pl (hz )<Vx(h2 )>b(h2 ) ‘E

d h,+h
J

2 2
dA=dx— <v_“>bdz
Ael(t)pl X— -n X!hz Pl x
h,+h
1772 2
=dx P1<v, “>b)dz

18



dh
_dxpl(h2)<vx2(h2)>b(h2)__2
ax

used, )
At the cross sections [Ae](t)]:

d h1+h2
=dxa—'xfh2 [P0+ plg (hl-l-hz-Z) ]bdz

1+h

fh
=dx
. h2

29
5;{[Po+plg(hl+h2-z)]b}dz

o(h,+h,) 2h
172 2
+de0b(h1+h2 )—————ax ‘dX(PO"'Plghl)b(hZ)—ax

At the free surface [As(t)]:

See Fig. 2. .Since s is small according to the assumptions that the
mean particle paths of the flow are nearly parallel to each other and
to the channel bottom,

3(h, +h,)
ax

i.n=cos(90°+6)=-sin6z-tan6=-

o,
|

2l he—— Free surface

1

Fig. 2. Definition sketch for the free surface.

Therefore,

d(hy+h5)
fa () Foox

dA=-dxPyb(hy +hy )——o—

19



At the interface [Ai(t)]:

-—¢
‘ £;== interface

4]

Fig. 3. Definition sketch for the interface.

i.g=cos(900-c)=sinestane=3h2/3x

¢h h
2 : 2
IAi(|)(P0+plgh1)Tf_dA‘dX(p0+plghl)b(h2)3

- At the side walls [Aw](t)]:
It is assumed that the change in width, both in the flow and z direct-
ifons, is gradual.

j= unit vector in
the y direction

Fig. 4. Definition sketch for the side wall.

b(x,z)

ax

{-p+cos(90°+3)=-sini~-tanl=-

b
-2z) |——dA
R o
hy+hy h )1-3362
=-dx!h2 [Po-l- P19 (hy+hy-2) ] Ix

20



'IA l(t)i. (I'D)dA
a

At A,y (t)s
4 h1+h2
T dA=dx— T . .bdz
Iagy )=, T
h,+h
caxp 122
..dxfh2 gx(Txxb)dz
a(h1+h2)
+dx7kx(h1+h2)b(h1+h2)—__5;___
3h2
At As(t):
a(h,+h,)
-1 27
IAs(t)(sz Ix Txx) A
9(h1+h2)

At Ai(t)l

3h2 N 3h2

b(x,2z) db(x,2z)
Tyoqe= Torge= Jaa
IAwl(t)[ P xx~ 'yx zx
hy+h,  3b b '
=dx h2 (-—;7ix-7yx zTéx z

(We define the sign of Tyx in this manner.)

21



.Iva(t)Plgxdv

gx=g-i=-gp'i=-gsin9==-gtanG=ng, in which Sp=-tan@=slope of the'channel
bottom.
h1+h2

Iva (t) - Plgsbdv="gsbdxfh2 Plbdz

It is assumed that

(1) apl/at=ap1/ax=0(ap]/az is already assumed. For reference,v-p'v'=0
in Eq. Al.2-10, sinceap]/ay=0.);

(2) ab(x,z)/ax=3b(x,2)/92=0, or b(x,z)=constant;

(3) aPo/ax=0; and

(4) arxx/ax=0.

Use the following definitions:
h1+h2 £)
Tax (M #h2)=Tgs Ty (hp)=Ty, and Jp - "1y @2=Tyily (x,t),
where 1" surface shear stress
interfacial shear stress

T; <

i
Ty - wall shear stress
w] = wetted perimeter corresponding to the upper layer

Then, Eq. 38 takes the following form for the upper layer, by cancelling
bdx.

h, +hy 2 a(h,+h,) ah,

?(h,+h,) dh
__1___2--91<vx2 (h2)>-—2

h,+h, ;
1Y 2 <y 2>dz+py<vy? (hy+hy)> ™

+P1 hz 9% X

h,+h

W
1772 9 - - . __1.- h, =0
+plgfh2 3;(h1+h2 z)dz Te+Ti+Ty7-P195pM) (39)

22



If it is assumed that

h, +h, 3 au
1772° oy >a h—2 (40)
h, ot VxTCE= e
<"x2>=<vx>2 (41)
h,+h, 2 3012 (42)
1 2—<v 2>dz=’nl and ‘
hz X S ax
<vye(hy +hy)>=<vy (hy)>=Uy (43)
then, Eq. 39 can be written as
2
F14] ah U dh ¢h ¢h
1 1l 1 2°°7°1 ) § 2
hy—=+p,U,—=+p,h +pyUy“—=+pygh,—=+p,ghy—
P lae 1715t Pl TN ax P19 1ax P19 1ax
W
-Ts+Ti+Tw—b—-plghle=O (44)
It can also be written as
2
Pl tA1 +plgh1f3—;+plgh1—a;<—

ox
+T:+T, e O h,S,.=0 (45)
“TstTivTwy P19N15p=

Subtracting the equation of continuity (Eq. 19) multiplied by p-|U.| from
Eq. 44 yields
aUu au oh ehy

1 ; X4 p.gh,—=+p,gh—
pyh e MUy AT g T e

b S,,=0
~Tg+Ti+ Ty~ P19 5™ (46)

23



If Eq. 46 is divided by p]gh],applied to a unit width of the
flow (rw=0), and the definition

T, T
Sgy=——— (47)
. p1ahy
is used, ’
the equation of motion for the upper layer is obtained as
139U, U, 23U, 3h, 2h
1.71°"1 1, .72 -S. =
- +—= + + +Sgq Sb—o (48)

gd g Ix 3Ix Ix

For the Tower layer, similar operation can be used. Some of terms are
listed below.

31
is used,)

-J Pi-ndA=an2(t)[90+plghl+ng(h2-Z)]i-ndA(Eq.

Aaz(t)
At the cross sections [Aez(t)]:

ax 12
3x0 [Po*eyah, 46,4 (hy-2) Tnaz

h
23
=dxf —ilp
o ax{[ 0+Plghl+ng(h2-z)1b}dz+dx(P0+plghl)b(h2)322
ax

At the interface [Ai(t)]:

i.g:cos(90°+e)=-sinez-tane=-?h2/3x

Jh 2h

At the bottom [A;]: n=-k, so that i-n=0.
At the side walls [sz(t)]: The same as for the upper layer, except
for integrating from 0 to h2'

J i-(7z-n)aa

Aaz(t)

At Aez(t):
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h22 ki
ax/ 4 3;(Tkxb)dz+dx7kx(h2)b(hz)ax
At Ai(t):
¢h
— 2
fA (t)( ZX g )dA:dx?ix(hz)b(hz)—dekx(hz)b(hz)%;z
X
At Ag:

fAb-szdA=-deix(0)b(0)

At sz(t): The same as for the upper layer.

Assumptiopns and definitions in addition to the ones for the upper layer
are

3p2/3t=9p2/3x=0. sz(0)=7b= bottom shear stress,

and f dz TH2(x,t),

where'ﬁ—é= wetted perimeter corresponding to the lower layer except for
the bottom.
Eq. 38 becomes, for the lower layer

pzf —€<v >dz+Po<Vy (h2)> +92f - S-SV “>dzd ppSvy“(hg) > s
h 2h h ah W2
1 23, . <. =
+plgf —-a—dz-bngf —a———dz T +Tb+TW b ngSbhz 0 (49)
If it is assumed that, in addition to Eq. 41,
h U
29 _ 2
lo 5va™dz=hy 3t (50)
2
h, 3 au
2 2
—<v,4>dz=h 51
IO X 275x (51)
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and <Vx(h2)>=Uz (52)
Eq. 49 can be written as

U éh F14 2 3h h
h.,—2 2 2 29hy 1 oh

ax Ix

W
- 2
TP TH* Ty mP2ehaSE=0 (53

a(U,h,)  (U,%h.) 3h
3{Uzhy) 2°hy 1 an,
Wy
“TitTpt Ty - P29hpSp=0  (54)

If the equation of continuity (Eq. 23) multiplied by p2U2 is subtracted
from Eq. 53,

U au dh oh
_2 v 2 1 2
W

'Tj_"'Tb"'TwT,z“nghZSb:O (55)

Dividing by °29h2’ using the definition

Sg2= (56)

Pzghz
and applying this to a unit width of the flow yields
125,030, 213y 21y

- 1,7 2,5 _,-5,=0
gt g ax pyax ax <120 (57)

The term of density is examined.
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Py Po=(Pr=pPy) A

1_"27\F2=Fy P,

—= =1-—, in which Ap=p,=-p
Py Py Py 271,

If it is assumed that
p=(oqt0y) /220120y, (58)

p]/p2=1-(Ap/p) can be used. [For example, the density difference is
approximately 0.001 gm/cm3 between water of temperation 200C (689F) and
250¢ (77°F) and 0.026 gm/cm3 between fresh water and sea water at 159C
(590F)].
Now the equation of motion for the Tower layer is

19U, UpUp | 2 ah, 2n

2
B — )—24+—L455=5,,=0
3 g = o ax | ax £2 (59)

As a consequence, p in Eq. 58 can be used in Sf](Eq. 47) and Sf2 (Eq. 56).

4.3 SUMMARY OF THE ASSUMPTIONS USED IN SEC. 4.1 AND 4.2

Continuum field theories are used.

2. The flow of water is the incompressible flow of a constant viscosity,
Newtonian fluid.

3. Only gravity is considered as body force.

The surface and interfacial tensions are ignored.

Only the mean values of fluid properties are used to consider the
turbulence in the flow. (Related to this, B(ETg?)/at and v-p'V'"
are ignored.)

6. There exist, in a channel, two distinct flow layers of different
densities separated by an interface across which T1ittle mixing occurs.

7. The free surface and the interface are horizontal in the direction of
width of the channel.

8. There is no appreciable precipitation on or evaporation from the free
surface, and no inflow or outflow, including groundwater at the wetted
perimeter.

9. The variation in the transverse direction of the channel is not con-

sidered.
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10. The channel bottom is practically straight in the direction of the
flow.

11. The mean particle paths of the flow are nearly parallel to each other

and to the channel bottom.
12. The slope of the channel bottom is less than 1/10.
13. Only a unit width of the flow is considered.
14. The density of water is constant in a layer.
15. The density difference between the layers is small.
[P=(P1+P2)/2391”P2]
16. av,/3t=0, and 3(v,vy)/3x=0,

17. apy/ax=0.
18. a7, /2x=0, 37,,/3x=0, and 37,,/dz=0.

19. <vx(h1+h2)>=<vx(h2)>=Ul(x,t) for the upper layer.
<v*(h2)>=U2(x,t) for the lower layer.
20. h,+h U h, 3 au
1 2——<v >dz=hl——l and f 2——<v >dz-h2 2
h, ax x x ax
21. hy+hy, e 3“2
— = nd ——< >dz=h
fhz £ <Va>dz=hy 5= f Ve 250
22.
'<v&?:>=<N5652.
23. hy+h, 5 au, 2 23 2 3022
. 2 2 1 =
—<v_“>dz=h and f —<v,“>dz=h
Ihz ax Vx T, 0 ax 2%

The assumptions 6 and 15 can be considered to differ from the assump-
tions generally used for the gradually varied open-channel flow.

4.4 NON-UNIFORM VELOCITY DISTRIBUTION CONSIDERED IN A LAYER

In the derivation of the equation of motion shown in Sec 4.2, it is
assumed that the velocity is distributed uniformly in both layers.
If non-uniform velocity distribution is assumed in the flowing layer,

28



the assumption <vx2>=<vx>2 mace in Sec. 4.2 becomes approximate and it is

necessary to have a correction factor, g, in the assumption:
2
<y 2>=B<Vy> (60)

g may be called the momentum coefficient.3 The range of g is 1<g<1.2,

although the value of the upper limit is not defim‘te.z’3 The effect of
the introduction of g on the form of the equation of motion is now exam-
ined. This examination is done only for the steady-state case, since the
derivation is not easy for the unsteady-state case.

Then, Eq. 42 for the upper layer becomes

2

h;

dUl

2

Therefore, Eq. 44 can be written as

, 2 ' dh
4au dh dh 2
1 2 1

b} S,=0
~Tg*Ti* T, ~ 19715670 (62)

The equation of continuity for the steady-state case is reduced to
(from Eq. 19)

du dh
1 1_5

h,—=+U (63)
ax  Yax

If Eq. 63 multiplied by f;p.IU.l is subtracted from Eq. 62,

du dh dh,
1 __3_-+ h,.—=
RO it L Bl R brm

W
1 =
~Tg+ Ti-l-Tw.S-- plghle-O (64)
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If it is applied only to a unit width of the flow with the definition of
Se1 (Eq. 47), the equation of motion for the upper layer is obtained to

be
gU,dU, dh, dh
11, 1,245 -5p=0 (65)
g dx dx dx

Similarly, the equation of motion for the lower layer becomes

gu,dU ap dh, dh
-—2——g+(1-—f)——l+——g

g dx p dx dx +S£2-Sb=o (66)
4.5 EQUATIONS OF CONTINUITY AND MOTION FOR ONE-DIMENSIONAL UNSTEADY NON-
UNIFORM OPEN-CHANNEL FLOW

The method of derivation used for two-layered flow can naturally be used
for open-channel flow. Using the assumptions mentioned for the two-
layered flow, for an open-channel flow with a constant width,

equation of continuity:

dh 2
—+—(hU)=0 (67)
it x

and equation of motion:

1 3UAU SU* ah = Ts+ Ty (W/b)

‘ — =S3,=0 68
gt gox 2x pgh b (68)

For a unit width of the flow, Eq. 68 can be written as

19U UaU 9h S 0
44— 4Sg=Sp=
gdt gix ox £7°b (69)
with a definition s b~ Ts (70)
3
egh

If the discussion on the momentum coefficient is applied, B, mentioned
in Sec. 4.4, Eq. 68 becomes, for the steady-state case,
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Egiq'.'.d_}-l"-Tb-Ts‘l'Tw(W/b)-Sb:O (71)
g dx dx pagh

For a unit width of the flow, it reduces to

dh
.B_E.J.(i_t.J.+—+S £ S b=0

gdxdx

(72)
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SECTION V
INTERFACIAL PROFILE EQUATIONS

5.1 INTERFACIAL PROFILE EQUATIONS FOR HYPOLIMNETIC FLOW OF A UNIT WIDTH

One-dimensional equations of continuity and motion for the steady two-
layered flow can be written from the equations for the unsteady-state
case (eqs. 20, 24, 48, and 59). These equations are listed below with
the definition sketch.

z
1 Free surface
P —_-
o “‘4“-—-___ Interface

7777 §;Eﬁ?
p; Bottom
b

Fig. 5. Definition sketch for steady two-layered flow of a unit width.

Equation of continuity for the upper layer:
h,U, =q, =constant (73)
Equation of continuity for the Tower layer:

h,U,=q,=constant (74)

Equation of motion for the upper layer:

+—=4+5-4~-5,.=0
g dx dx ax £17°b (75)
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Equation of motion for the Tlower layer:

U,dU Ap dh, dh
_2.___2+(]___p)_];+——2+332-5b=0 (76)
g dx p dx dx -
where p = (p]+p2)/2
Ap:p]'pz
q = flowrate per unit width
Sf is the friction slope, which is defined by the relations
S =Ti-TS
£17 " gn, (77)
7. -T
b 1
and Sgp= (78)
£2 gh,
T and T, may be given empirically as
pf
b
T —pfi[
3=+ | Uy =Ug | (U} -03) (80)
where fb = fpriction factor at the channel bottom, which is called
"bottom friction factor”
£. = friction factor at the interface, which is called "interfacial

i
friction factor

T can be ignored for the case in which the wind effect on the free sur-
face is small.

For the hypolimnetic flow, the upper Tlayer is assumed to have no motion,
i.e., U] = 0. (See Sec. 5.4 for a discussion on the case in which the
internal circulation of water is allowed in a layer having no net flow
rate.) Then, Eqs. 75 and 76 can be written by substituting U, = q2/h2

from Eq. 74, as follows.
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dh, dh

1 2

— e e § -5, =0

3= ax Cf£1L7b (81)
(1 AP) 1+(1 q22 )SP_2+S ~S. =0 (82)

where subscript L indicates the hypolimnetic flow.
Ty and T4 may be written, from Eqs. 79 and 80, as

Py 2 83
ef.
and 73 =-—20,7 (84)

Eqs. 77 and 78 can now be written as

... = £19,2
£1L ——289h1h2 (85)
2
q, (fb"'fi )
S = (86)
and £2L 8 gh23

Substituting dh1/dx from Eq. 81, and Eqs. 85 and 86 into Eq. 82 and re-
arranging it yields

[ qu .‘1}12
(ap/p)ghy>" ax

qzz (£ +£; YH-F, ho=(8p/p) £, (87)
b g (ap/p)gh,> H-hj

where H = h]+h2 = total depth.
Since ap/p 15 expected to be at most 0.03,* the term (sp/p) fih,

¥ This is for a case of fresh and sea water. For water with temperature
difference of 16.79C (300F), aAp/p is at most 0.005.
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may be ignored in Eq. 87, provided that 1‘.i 1s not very large compared
to fb. Then Eq. 87 becomes

2 -
(Ap/p)gh23 dx P 8(Ap/P)gh23 H~h,
Positive Slope Flow
When Sb is positive, Eq. 88 can be rewritten as
(8p/p)ghy3 " dx
q,2f, (1+(£;/f,) JH-h,
=sb(1‘ 3 } (89)

The stratified critical depth for the lower layer, hC2 is defined by the
relation

2
3__92 (56)

h
c2 (ap/p)g

The stratified normal depth for the lower layer, hn2’ may be defined by
the relation

Pn2 8(ap/p)gSy H=hp 5
f £./f
=h 3—--}—3—[l-i-—-—-l————b-— (91)

2
€€ 8s), 1-(h,,/H)
A factor related to the stratified normal depth for the lower layer, G,
is defined by the relation

3. (1+£; /£ )H-hy H-h 5
(1+£; /£, )H-h, 5 H-h,
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=[1+-fi£331-]/[1+——Ei££9——
l- (hz/H) 1- (hnz/H)

If the above definitions are used, an equation of interfacial profiles
for the hypolimnetic flow can be obtained as

(92)

dhy__ 1-(Ghyy/hy)3

b 3 (98)
It is almost the same in the form as the equation presented by Chow3
for the free surface profiles of gradually varied open-channel flow.
The term Ghn2 is now examined. From Eqs. 91 and 92,
f £i/f 3
b[1+ 17 *b -”1/ (94)

Ghnzzhcz{asb 1-(h,/H)

If Qo> Sb’ fi and f, are assumed to be constant, change in Ghn2 depends
only on {1+(fi/fb)/[1-(h2/H)}1/3, which is later called GH. Examples
of the values of GH are given in Fig. 6. GH is fairly constant when
h2/H < 0.8 especially for smaller fi/fb' The term Ghnz may be called
"virtual stratified normal depth."

_Genera] characteristics of interfacial profiles for the positive siope
flow can be found from Eq. 93.

As GhnZ/h2 approaches 1, change in the lower layer depth, dhz/dx, goes
to zero. This means that the interface becomes parallel to the channel
bottom if the lower layer depth equals the virtual stratified normal
depth. When hcz/h2 approaches 1, dh2/dx goes to infinity. This indi-
cates that the interface will intersect the stratified critical depth
sharply and disturbances can be expected at the interface.

(Where the interface is too steep, the method used in this study is not
applicable, since streamlines are assumed to be nearly parallel to each
other and to the channel bottom.) If h2 goes to zero, it is easily de-
duced that dh,/dx = (fb+fi)/8’ which is a small angle to the channel
bottom. If h2 becomes much larger than Ghn2 and hc2’ dh2/dx approaches
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3.0 1

2.5

2.0 A

1.0 i/fp= 0.00
0.5 -
0.0 0.2 0.4 0.6 0.8 1,0
h>/H
Fig., 6 Values of Gy.
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Sb‘ This means that the interface becomes close to the horizontal in
cases in which the lower layer can extend toward the downstream with its
depth increasing. In addition, as can be observed from the values of.GH,
if h2 approaches H, dh2/dx may go to infinity. This indicates that the
interface may intersect the free surface sharply. Therefore disturbance
can be expected at the frontal zone of the upper layer where the two lay-
ers start to establish themselves.

The position of the interface relative to the stratified critical depth
and the virtual stratified normal depth will dictate whether dhz/dx
assumes a positive or negative value, i.e., whether the lTower layer depth
increases or decreases in the downstream direction. Equation 94 shows
that it depends on the magnitude of GH[fb/(BSb)]”3 whether Gh_, is
greater or less than hc2’ that is, whether the flow is on a mild or steep
slope.

From these discussions, it can be expected that there would exist the fol-
Towing interfacial profiles, which are jllustrated in Fig. 7.

1. Mild slope flow (denoted by "M"), when Gh

M1 profile, when h2>Ghn2>hC2;
This profile could represent a density flow in an impoundment created by
a dam downstream on a mild slope. Note that the downstream end of the

n2”Nez

interface approaches the horizontal. Mixing between the two layers would
not occur quickly.

M2 profile, when Ghn2>h2>hC2;
This could be a case of the discharge of lighter water into running denser
water on a mild slope. The lighter water forms a pool. Mixing between
the two layers can be expected downstream.

M3 profile when Ghn2>hcz>h2;
This could be the discharge of denser water into the lower part of the
1ighter water pool from an opening lower than the stratified critical
depth on a mild stope. An internal jump may occur downstream and mixing
between the layers may result.

38



Name of flow Desig- Relation of hj Sketch of profile
nation to hgz and Ghp)

Mild slope Ml h>Ghyp 2>he2 =

M2 Ghp2>h2>hep

Steep slope S1 hy>h.2>Ghp2
)////.)/}}/:/.))/})f;} ,, i
7777777777777
s2 ha2>h2>Ghp2 —=

S3 ho2>Ghp2>h2

Fig, 7 Possible flow regimes,
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Name of flow

Horizontal
slope

Adverse
slope

Upper layer
analysis

Desig- Relation of h Sketch of profile
nation to ho

l‘l K

lr

H2 hc2>h2

Al and A2 are essentially the same as
H flow above,

U1 he1>hy

U2 h1>hqy

Note: Depth in U flow is measured from the free surface,

Notation: h= depth of a layer; he= stratified critical
depth; Ghp2= virtual stratified normal depth;
subscripts: l= upper layer; 2= lower layer,

Legend: —==
77777

=

free surface; — = interface;
bottom; = = flow;
virtual stratified —-— = stratified critical
normal depth line; depth 1line,
Fig. 7 Continued,
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2. Steep slope flow (indicated by "S"), when hc2>Ghn2:

S1 profile, when h2>hC2>Ghn2;
This case might represent the flow of denser water into an impoundment
created by a dam in a steep slope when the thickness of lower layer is
larger than the stratified critical depth.

S2 profile, when hc2>h2>Ghn2;
This might be the case of the density flow often observed in lakes and
impoundments, if denser water happens to start out at a height between
the stratified critical and virtual stratified normal depths. It may
also represent the discharge of lighter water into running denser water
on a steep slope. In either case, the two layers would not mix with each
other quickly.

S3 profile, when hc2>Ghn2>h2;
This might be the discharge of denser water into the Tower portion of the
lighter water pool from an opening lower than the virtual stratified
normal depth on a steep slope. The two layers would not mix with ease.

Horizontal Slope Flow (denoted by "H")

When the flow is on a horizontal channel, the interfacial profile equa-
tion, Eq. 93, can be rewritten as follows.

2 dh 2¢ H+(f. /£, )H-h
(ap/p)ghy> dx  8(ap/plighy H-h,
If a definition
H+(£./f,.)H-h £./f
GH3= i’ b 2.y4--17"Db (96)

H—hz l- (hz/H)

is introduced*, then Eq. 93 becomes, for the H profile,

* g, is the @ for the H profile. 6, can be obtained by letting h, = =
in Eq. 92.
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with the definition of hc2’ Eq. 90.

It is easily observed that only the stratified critical depth is import-
ant to the horizontal slope flow. Applying arguments similar to the ones
for the positive slope flow, the following two possible profiles were
found.

H1 profile, when h2>hC2;
This could represent the discharge of lighter water into the running
denser water. It is a profile similar to the M2 profile. Chow3 would
prefer the term "H2" profile; however, the term "H1" profile was chosen
to show that there exist only two different profiles for the H profile.
0il1 slicks show a similar profi]e.4

H2 profile, when hc2>h2;
This profile is similar to the M3 profile.

Adverse Slope Flow (denoted by "A")

Adverse slope means the flow on a slope which has a negetive value. The
same Eq. 93 can be used for this flow; however, the positive value of the
slope is used for convenience.

Sp==|Sp| (98)

Substitute this into Eqs. 93 and 94 and

dh, l1+(c;h,12/hz)3
ax 1-(h_,/h,)> (99)
f f. /f
b b (100)
G =h
where h_»>=h., 8lsbl[l - (hZ/H)]
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Subsequently, only the stratified critical depth is an important factor
for the A profile.

Al profile, when h2>hc2;
This is the same as the Hl profile, except that it is on the adverse
slope.

A2 profile, when hc2>h2;
This profile is similar to the H2 profile.

Free Surface Profile Equation for the Hypolimnetic Flow

The equation for the total depth profile can be found by using Egs. 81
and 85

. 3
a_ £30 ey

c2” (101)
dx 8 p hzz(H-hz)

This indicates that the free surface is approximately horizontal and shows
a very slight increase toward the downstream direction, except when h2
approaches either zero or the total depth.

Upper Layer Analysis (Designated by "“U")

For this analysis, it is assumed that U2 = 0. Then, Eqs. 75 and 76 can
be written in the following form by substituting U] = ql/h] from Eq. 73,

gy dhy dhy dhy

gh13dx dx-+dx+sflu-sb=0 (102)
(1‘7:):5:+:§:+Sf2U‘Sb=O (103)

where subscript U indicates the upper layer analysis.

If Tg is neglected again, Egs. 77 and 78 can be written as
£iq;2

8gh13

Sfiu= (104)
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f.qlz
and S g Em—t—— (105)
£2U
ththZ

Eliminating dhz/dx from Eqs. 102 and 103, substituting Eqs. 104 and 105,
and rearranging them yields

3 g2
9, 4h, £,q,“H

1- = :
(8p/p)ghy 3 "dx  8(ap/p)gh;hy (106)

If the stratified critical depth for the upper layer, hcl’ is defined by
the relation '

h 13=__‘:‘_1_2___ (107)
€L (4p/p)g

an equation of the interfacial profiles for the upper layer analysis can
be obtained, in terms of h1, as

dhl=_fi (hC]./hl ) 3/[1" (hl/H) ]

Hax 8 3
dx 8 1-(h,y/hy)

(108)

As in the cases of the horizontal and adverse slope flow profiles, only
the stratified critical depth is important for this upper layer analysis.
Thus, two profiles appear possible. The interface becomes vertical at
the points where h.l approaches either hc] or H. Eg. 108 can be applied
on any sloped bottom, since Sb is not included in it.

Ul profile, when hc1>h1;
This could represent the release of less dense water on a pool of denser
water. Mixing of the two layers may be expected downstream.

U2 profile, when h]>hc];
This case could represent the familiar shape of the arrested salt wedge
found in estuaries. As pointed out above, the shape of the wedge could
be a sinuous curve even on a sloped bottom although it is well known that
the wedge takes the sinuous form on the horizontal slope.
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Free Surface Profile Equation for the Upper Layer Analysis

The equation of total depth change can be obtained by using Eqs. 102,
104 and 108.

aH fiff(hcl/hl)B(1+hc13/[h12(H'h1)]} (109)

—_—=s -

ax ° 8 1-(h.,/hy)3

This indicates that the free surface would remain approximately horizont-
al and show a very slight increase towards the dcwnstream direction for

the Ul profile and a very slight decrease for the U2 profile, except when
h] = hcl’ h1 = H, and hy = 0.

5.2 NON-UNIFORM VELOCITY DISTRIBUTION CONSIDERED IN THE FLOWING LAYER

When non-uniform velocity distribution is assumed in a layer, the momen-
tum coefficient, g, may be included as discussed in Sec. 4.4. Then,

the equations of motion can be written as follows.

The equation of motion for the upper layer:

Uy dhy dh
B_U.lg_l...__lq.__z...sfl-sb-_-o

g dx dx ax (110)
The equation of motion for the lower layer:
U,4u Ap dh, dh
E—2—---24-(1-—-’3)——:—l+~—2+sf2-sb=0
g dx p dx dx (111)

Then, it is easy to derive interfacial profile equations by following
the method of Sec. 5.1.
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Positive Slope Flow

If the same definitions are used for the stratified normal depth, criti-
cal depth, and G, the interfacial profile equation for the positive slope
flow can be written as
dh, 1-(Gh _,/h,)>
22

2 n
dx 1-8(hc2/h2)

If a definition

1/3
c2)( =B h c2 (113)

is used, Eq. 112 becomes

dhy  1-(Ghypy/hy)3

dx bl-(hc2Mm2P (114)
£./f 1/3
where Ghn2M=hc2M 88s [1‘.;:.}1—2—/%{—)]} (115)

Note that Ghn2M = GhnZ'

Horizontal Slope Flow

Similarly, the interfacial profile equation for the horizontal slope flow
can be

dhz fp (GHhCZ/hZ (116)

1/3
heps

With the definition hCZM =8

3
dhy_ fp{Guhcon/hy)
dx 8B1l- (hCZM/hz)

(Mm7)

Adverse Slope Flow
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3
dha__ |1+(Ghn2/h2) (118)

dx b 1-B(hc2/h2)3

s ‘1+(Ghn2M/h2)3
b 1-(hC2H/hZ)3 (119)

4 £;/¢ 1/3
b i’*p
G =h 1+

Free Surface Profile Equation for the Hypolimnetic Flow

The free surface profile equation for the hypolimnetic flow is not in-
fluenced by 8, but will change its appearance slightly.

dH £.4p1 h_, 3
=S, +-1
dax P 8 pBhy2(H-h,) (121)

Upper Layer Analysis

A similar derivation results in the following interfacial profile equa-
tion for the upper layer analysis.
3
ah, £;(h /M )7/(1-(hy/H) ]

dax 8 1-8(h_,/h,y)3 (122)

If a definition

1/ 3h

hoim=B c1 (123)

is used, Eq. 122 becomes

ax 8B 1-(h )3 (124)

clhf/hl

Free Surface Profile Equation for the Upper Layer Analysis

The free surface profile equation for the upper layer analysis can be
written as
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3
dH £ap1(h_y,/h,) 1+hc1M3/[Bh12(H-hl)]

—S, - — -

b
dx P 8 pB 1-(hqyy/hy)>

This indicates that the free surface would remain approximately horizontal.

(125)

5.3 NON-DIMENSIONAL INTERFACIAL AND FREE SURFACE PROFILE EQUATIONS

For convenience of computation and to obtain a more universal expression
of results, the interfacial and free surface profile equations obtained
in the previous sections can be non-dimensionalized.

Non-dimensional depth of a running layer, total depth, virtual stratified
normal depth, and distance along a channel are defined as functions of the
stratified critical depth as follows.

hy=h/h, (126)
Hy=H/h, (127)
GhnZNzchnz/hc for positive slope flow (128)

= S, x/hc for positive and

x
N adverse slope flow (129)

and xN=x/hc for horizontal slope {low and (130)
upper layer analysis

Also, if the momentum coefficient, B, is included in the equations,

hy =813, (131)
hy=h/hey (132)
Bym=H/ Dy (133)

Ghy 2Mn=Chp 2 Ne2m £Or positive slope flow (134)

Xy= Syn. X/h for positive 2nd
b
N cM adverse slope flow (135)
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and =x/h for horizontal slope flow and
N cM upper layer analysis (136)

For Positive Slope Flow

Interfacial profile equation:

3 3
dh,yy_Pow 'i:nZN (137)

£:/€
fy b
where GhnZN “8s. [ l- (;2N/HN) (138)

If the momentum coefficient, g, is included,

35 3
dhonm_Banm” ~SMnomn

3
dryy  hanM -1 (139)
£ £:./f
3_._"b i’™b
where Ghy o™= [1+ ] 140
e 88S,, 1= (hony/Hyy) (140)
Free surface profile equation:
dHN=1+(fi/8)(Ap/p)/Sb

With 8,

ARy, . (£;/8)(8p/0)/(SpB)

=14
dxyy Ny (Hyy=honn) (142)

For Horizontal Slope Flow

Interfacial profile equation:
dhyy_(£f/8 )GHN

(143)
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3_ fi/fb

thare G =1+
1= (hyy/Hy)
With 8,
dh £, /(88) 1G,nn
dhoyy L0/ 33mm
%M 1-honm
where G =14

Free surface profile equation:

aHy (£3/8)(8p/p)
axy hay? (Hy=hay)

With 8,
diy, (£1/8)(80/0)/8
axy hoyy? (Hyy=hony)

For Adverse Slope Flow

Interfacial profile equation:

3 3
dhan_han”*Shnon
dxy 1-hy)3

With g,

3
thNM=h2NM3+Ghn§MN
dxpn 1-honM

~ Free surface profile equation:

=~14+

(£,/8)(4p/0)/|Sy)]

2 -
dxy hyn“ (Hy=hoy)
With g,
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(145)

(146)

(147)

(148)

(149)

(150)

(151)



dHNM=_1+(fi/8)(Ap/p)/(’SbIB) (152)

)
dxym hynm® (Hyy=Donm)

For Upper Layer Analysis

Interfacial profile equation:

dhyy (£;/8)/[1-(hyy/Hy) ]

dx,, 1-hy, 3 (183)
With g,
dhyyy [£5/(88)1/[1-(hyyy/Hyny) ] (158)
dxnm 1-hy
Free surface profile equation:
2§N=sb+(fi/8)(AP/P){1+1/[21N2(Hx‘hlw)]} (155)
dxy 1-hyn
With g,
Ay 1-hy (156)

5.4 INTERFACIAL PROFILE EQUATIONS FOR HYPOLIMNETIC FLOW OF A UNIT WIDTH,
WHEN INTERNAL CIRCULATION IS CONSIDERED WITHIN A LAYER OF NO NET
FLOWRATE

In the previous section, one of the layers is assumed to have no motion
at all. It is, however, learned [Ippens, Har1eman6, and Polk et a17]
that circulation of water within the layer having no flow rate can be
generated by the moving water of the other layer and its average flow
rate in the layer is very close to zero. Therefore, the layer can be
said to have no net flow rate.
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However, in this case, the assumptions related to the homogenuity in the
layer of no net flow rate (assumptions 19, 20 and 23 listed in Sec. 4.3)
cannot be made. The changes in the forms of the interfacial profile equa-
tions derived in the previous section are studied below.

If the assumptions mentioned above are not used for the upper layer and
homogenuity of velocity is still assumed for the Tower 1ayer,'equations
of continuity and motion for this analysis can be written as follows
(see Eqs. 16 and 39). Equation of continuity for the upper layer:

h,+h d(h,+h,) dh
1¥92 09 112 —2-
h, 3;<vx>dz+<vx(hl+h2)> -<Vx(h2)>dx-4) (157).

Equation of continuity for the lower layer:

thzqu =constant (]58)

Equation of motion for the upper 1ayer£ 5
1 hy+hy o v >2ags Vxh1thy)>7d(hy +hy) <vy(hy)>Tdny
gh, By ax x ghy dx gh, dx

éﬂyl dh, s S. =0
+—+—=+ ~S, =
dx dx firL *b

(159)
Equation of motion for the lower layer:

U,du 4p dhy dh
_2._24.(1-_2)__1' 2

3 ax > ax Tax of2r”Sp 0 (160)

where <vx(h)> = average velocity in the x direction integrated over lamina
at depth h,

2
£ 92

s . 1 5
£1rL7" ggn n,? (161)
qzz(fb+fir)

Sepp——2 5 E-
and £2rL 8gh, (162)
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Subscript r in fir ans Ser indicates that fi is influenced by circulation
within a layer: it is assumed that the definitions of Ty and Ty Eqs. 79
and 80, can still be used for this case and it may be considered that,
after stable circulation is established in a layer, the internal friction
‘would be different from that for the case of no circulation due to the

motion of the lower part of the upper layer.

An assumption of no net flow rate can be expressed as

h,+h
1772
fh <v,>dz=0
2
Naturally, this assumption satisifies Eq. 157, since it says

<v_>dz=0
ax h2 Vx

Subtracting [Eq. 157 x (1/gh1)<vx(h2)> ] from Eq. 159 yields

1 h,+h 1 hy+hy
___! 1 2jL<vx>2dz-———<vx(h2)>fh ——<Vk>dz
gh; P2 ax gh,y 2 3x

1 d(hy+h,)
*— [<vy(h,+h, )>Z-<vy (hy +hy)><vy (hy) >]—312°
9

d(h,+h,)

17772

+—=—=-48S -S,,=0
dax flrL " “b

If following definitions are used,

1l _
B=;;1<vx(h1+h2)>[<Vx(h1+h2)>'<vx(h2)>]
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= —<V. dz
and S,y -~ (fhz '
h1+hza

where Sr is used for the friction slope caused by the circulation, Eq. 164
is now

d(h1+h2)
dx

(1+B) *S£1r1=Sp*Sr1=0 (167)

From Eqs. 158 and 160,

2
4p dh qp” (dh -
(1--2L) dx1+(1 gl;’- 3) dx2+sf2rL-sb-0 (168)
P 2

The elimination of dh]/dx from Eqs. 167 and 168 with the use of Eqs. 161
and 162 gives

01 q,2 dh, (4p/p)+B <
-(AP/p)ghg dx—(Ap/p)(l+B) b

x{1- 1+B q,2 (£ +£; . )hy+£; ho[1-(45/p) ]/ (1+B)
(8p/p)+B8gS h,> hy

1=(8p/p)S,
"B+(8p/0) Sy,

(169)

The definition of the stratified critical depth for the lower layer, hc2’
is used, since the left hand side of the above equation has not changed
from Eq. 88. Then, the interfacial profile equation for hypolimnetic
flow considering the effect of internal circulation can be expressed as

dh, 1 (Ap/p)+B S, (1-D+E.) (17
ax 1-(h_,/h,)3(ap/p) (14B) B PTP? (170)
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_(ap/p) (14B) £, h, 3

where p= )
LI [1-(h2/H)](1+B)-[1-(AP/P)]} (171)
1-(h /H) 1+B
1-(8p/p)Syy (172)
E.=
and P B+(ap/p) 5y

It was not attempted to define the stratified normal depth for this
equation.

For the horizontal slope flow, the derivation of the interfacial profile
equation is done as follows. Sb = 0 is used in Eqs. 167 and 168 and the
same procedure as used for the sloped flow is followed.

3
dh, f,, (hoy/hy)

— T e

ax 8 1=(h_p/h,)>

£, /€, [1-(hy/H) ] (1+B)=-[1-(ap/0)] -
1- (hy/H) 1+B

x{1+ oy (173)

srl 1'(AP/P)
where E,= 3
(£,/8) (hp/h3)~ (8p/p) (14B)

(174)

For the adverse slope flow, Eq. 170 for the positive slope flow can be
used.

The free surface profile equation can be obtained from Egs. 161 and 167.

dH 1 £._ap h_,3
ircpP c2 'Sr1] (175)

Spt—f——
dx 1+B 8 phy“(H-hy)

If the free surface is found to remain horizontal in experiments, this
equation can indicate that the effect of B and Sr1 may be ignored. Both
B and Sr1 are expected to assume positive value and, if so, dH/dx

should be smaller than that for the case without considering the internal
circulation.
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Upper Layer Analysis

For this analysis, the equations of continuity and motion are as follows.
Equation of continuity for the upper layer:

h1U1=q1=constant (176)

Equation of continuity for the lower layer:

hy 3 dhy
o 3;<vx>dz+<vx(h2)>:£:=0 (177)

Equation of motion for the upper layer:

U,du, dh, dh
e et Fomit P4 2,5 -5,.=0 178
s ax ax ax Cf1ruTSp (178)

Equation of motion for the lower layer:

2
1 hy) <v,(h,)>“dh
—_— z——<vx>2dz+ X' 2 2
gh, 0 ax gh, dx
+(1 p)dx'*dx* £2ru=Sp (179)
2
s firdy
where £f1ru~ thl3 (180)
(£y,=F5 . )a, 2
d s _brttip/tl (181)
an £2ru” 2
Bth hz

Again, it is assumed that T}, can be expressed in terms of fbr’ Ay h],
and h2. The subscript r in fbr indicates the effect of the circulation
as before. Subtracting Eqs. 177 multiplied by <vx(h2)>/(gh2) from Eq.
179 gives
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o P2a 2y, Wx(hp)> 22

<y, >"dz=~ —<vy>dz
4p dhy dh,
-—)—24—24S ;=Sp=0 182
+(1 p)d1+dx £2rU=Sb (182)
If Sr2 is defined by
(n,) Ihza<: >dz )
—— < dz--f.v Na )2 Ve, z
Srzg (f = Vo> x (N5 x VX (183)
Eq. 182 is
Ap _dh, dh
(1--8) 2+ 2.5 45, ;+S,=0 (184)

p dx dx

Also, from Egs. 176 and 178,

ql2 ah, dh dh,

ghy> dx " *dx *Sey1ru™Sp=0 (185)

The interfacial profile equation can be found, from Egqs. 180, 181, 184
and 185 and the definition of the stratified critical depth for the upper
layer, as

dhy (£5,/8)(hgy/hy) 31~ (hy/H) (£, /E5 )]

-+
ax (1-(h_y/hy) )2 1= (h,/8) ] U (186)
h Ey= >r2 . '8
ere U (ar/m[1-(hg /)] (187)

For the free surface profile equation, Egs. 176 and 186 are used to find

dH aH__ £, Ap(h 1 .31-(hy/H)+(h_ /By )3 (hy/H)(1-£, /£,
ax © 8 p hy [1-(h_y/ny) 3][1 (hy/H)]

3
(hey/By)

+S
r2 3
1‘ (hCl/hl )

(188)

57



As can be seen, the forms of the interfacial and free surface profile
equations are not as simple as the previous ones because of the terms
arising from the internal circulation. However, the general forms of the
equations remain unchanged. Furthermore, it is learned where the effect
of the circulation appears in the equations.

5.5 INTERFACIAL PROFILE EQUATIONS FOR HYPOLIMNETIC FLOW IN A RECTANGULAR
EXPERIMENTAL FLUME

In this section, the change in the form of the interfacial profile equa-
tion is studied when the effect of the side walls of a rectangular flume
is considered. The width of the flume is designated by "b" and assumed

to be constant. The change does not occur in the equations of continuity
and motion, Eqs. 73, 74, 75 and 76, but in the definitions of the friction
stope, which are designated by wa.

T.=T +7. (W,/Db)
Seq =i 8 W 1 (189
£iw pahy )
T, =T +7T. (W5/b)
b™ 17 'w\"2
and S = 190

wall shear stress

where <
W

w] wetted perimeter corresponding to the upper layer

|

N2 = wetted perimeter corresponding to the lower layer, except for

the bottom.

the friction slopes, Sf, can be written as
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2
fia,

S L TN .
£1L Bgh hy2 (192)
2
i < _9 [fb+fi+2(h2/b)fw] (193)
f2wl th23

since w2=2h2 and Tw=0 can be assumed for the upper layer. By a similar
derivation shown in Sec. 5.1,

2
[1- 9,° 19025 s (1-— 32 v
(Ap/p)gh23 dx 8(Ap/p)gsbh23

B (£ /2 JH=hy+2h, (H-h,) )£/ (£, b)
H-h,

] (194)

The stratified normal depth for the lower layer inciuding the wall fric-
tion, hnZw’ is defined by

£ £./F 2h , £
3°b i’*b 2w w
by 2w’ =he2 8s,, (1 1'(hn2w/H)+ £,b ]

Note that the stratified critical depth has not changed. Also

(195)

. 2
G 3=[1+. fi/fb +2h2fw]/[l+_ fl/fb + hnwaw] (196)
v 1-(h,/H) £, b 1=(h, 5 /H) £ b

Then,

£ £,/€, 2hof
b 17fp_ 2hofy -1/3
G h,2w=h 197
2w healgg (4 (hy/H) £,b ] (s7)

Now the equation of the interfacial profile for the hypolimnetic flow can
be written in the form
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3
?_‘jg=s 1’(Gwhn2w/h2)
dx P 1-(h y/hy)°

(198)

If this equation is compared with Eq. 93, it is easily found that the
difference between the two is the term 2h2fw/(fbb).

For the horizontal slope flow, GH, now becomes G defined by

t’i/fb +2h2fw

Gy, 3=1+ 99
Hv " 1-(h,/H) £ b (199)
And
3
dh2=_f§(GHwhc2/h2) (200)
3
éx 8 1-(h ,/h,)
On the adverse slaope,
dh, 1+ (G /)
“Vie27 702
4 £./f 2h,f 1/3
b i7*b 27wy
where G =h_,[ (1+ + ) ]
win2w=Pe2 afsy] | 1-(hg/R) | £,p (202)

The free surface profile equation remains the same regardless of the in-
clusion of the wall friction.

Upper Layer Analysis

For this analysis, the friction slope may be stated as

q,2[£;+2(h /D)E,]
Se1wu™ T gon 3 (203)
1
f.q 2
s =-_L_1.—_—
and £2U Gghlzhz (204)

Then,
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2 -
C q,? dh1=_qlzfia+[2ql h, (H=h, )£ _/b]

1- 3 3 (205)
(Ap/p)ghl dx B(Ap/p)ghl h2
With the stratified critical depth (Eq. 107)
3
dh1=_(fi/8)(hc1/h1) [ 1 +2hlfw] (206)
ax  [1-(h ;/h;)°] "1-(hy/H)  £;D
The free surface profile equation may be written as
3 3

1+
Z

5.6 FREE SURFACE PROFILE EQUATION FOR OPEN-CHANNEL FLOW ON A HORIZONTAL
SLOPE IN A RECTANGULAR EXPERIMENTAL FLUME

Free Surface Profile Equation

For a channel with constant width, equations of continuity and motion for
steady state open-channel flow are as follows. (See Sec. 4.5).
Equation of continuity:

hU=q=constant (208)
Equation of motion:
U dU dh o
— —+t—4S,=5.=
g dx dx £7°b (209)
T.=T.+(T. W/D)
b s w
where Se= (210)
£ pgh
If it 1s assumed that
P 2
Tp=gfpY (21)
P
- U2 (212)
Tv-awa
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and 1-8=0 .
Eq. 210

s =q2[fb+(2hfw/b)] (213)
£ 8gh3

where b = width of the flume and h is used for W.
If an equivalent friction factor for the bottom and the wall, fq, can be
defined by

£ ( 2h thw

(214)

Sf becomes

2
s =fq[1+(2h/b)]q

(215)
£ 8gh3

The free surface profile equation can be derived easily from Eqs. 208
and 209 by eliminating U.

dh  1-(S¢/Sy)

ax  P1-(q%/ghd) (216)
For the horizontal slope flow,
dh Se
ax  1-(q2/ghd) (217)
The critical depth is defined by
hc3=q2/g (218)

Then, the free surface flow profile for the horizontal slope flow can be
expressed as

E;--l-(hc/h)B (219)
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£ 2h h_ 3
where S.=-9(1+—) (& (220)
f=‘ 8 ( b )(h )

If the momentum coefficient in this discussion is included, Eq. 219 can

be written as
dh S

£ . (221)
dx 1-8(h/h)

with the same definition of Sf.

Relation Between Hydraulic Radius and Friction Factor

Recalling the assumption that, in open-channel flow, the uniform flow
forumula can be used for the gradually varied flow, some relations be-
tween hydraulic radius and friction factor are derived for later use.

For uniform flow, in Eq. 209

Sf = Sb (222)
From the assumption in Eq. 215,
2 g bh
q g
n? f_ bp+2h (223)
Since hydraulic radius, R, is
bh
R=s—,
b+2h
8g
2.2
U =f SbR (224)
q

If it is assumed that this uniform formula can be applied to the hydraulic

radius corresponding to the bottom, Rb’ and to the wall, R, relations
8g
fp
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8g
and U2=_S
fw'tfgr

can be obtained.

Then, a relation
R bh Ry, R,

t'q fq(b+2h) Ty fw

may be obtained.
Furthermore, a relation

bh =(b+2h)R= bRb+2th

(226)

(227)

(228)

may be found if the definition of the hydraulic radius is considered.
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SECTION VI
EXPERIMENTAL SYSTEM

Prior to the design of the experimental system, all requirements and
restructions were considered in order to construct it in an organized
manner.

6.1 CONSIDERATION OF PARAMETERS INVOLVED

As shown in Sec. 5.1, the positions of the interface relative to the
stratified critical and virtual stratified normal depths produce the
various interfacial profiles. The interfacial profile equations show
the parameters to be included in the design and construct an experimental
system for the verification of the proposed interfacial profiles.

The definitions of the stratified critical and virtual stratified normal
depths in the lower layer analysis and the stratified critical depth for
the upper layer analysis are listed below.
2
€2 (ap/p)g

N L (231)
€L (ap/p)g

The stratified critical depths (Egs. 229 and 231) can be determined when
the flow rate of the flowing layer and density of the two layers are
known.

The parameters needed for the virtual stratified normal depth (Eq. 230)
are: the slope of the channel bottom, the total depth of the flow, the
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depth of one of the layers, the friction factors at the bottom and at the
interface.

The experimental system should be able to provide various flow rates,
densities of the water, and slopes of the channel bottom. Further, arti-
ficial roughness is necessary to provide bottom friction and to offer
somewhat easier determination of its magnitude.

6.2 REQUIREMENTS AND RESTRICTIONS FOR THE EXPERIMENTAL SYSTEM

As indicated in the previous section, the experimental system is designed
to handle the following parameters: slope of channel bottom, density of
water, depth of flow, flow rate, roughness of a channel, and end condi-
tions.

As pointed out in the introduction, most of the studies which have been
published on the two-layered flow were limited to the case of uniform
total depth in the flow, i.e., to the horizontal slope flow. In this
study, the flume can be tilted to give the desired slope to the flume
bottom. .

In addition, the previous studies have used chemicals, such as salt, to
obtain density differences in the flow. This experiment uses the
difference in density produced by temperature differences.

The depth of one of the layers, or the position of the interface is deter-
mined by measuring the vertical temperature distribution in the flow.

The space available for all structures, piping and equipment was ap-
proximately 19.2 meters (63 feet) long, 3.05 meters (10 feet) wide and
3.36 meters (11 feet) high, including unusuable space which is round stair-
wells for two spiral staircases of approximately 1.83 meter (6 foot) dia-
meter. The system includes a flume with a tilting device, a system to
supply water of two different temperatures (or of different chemical
concentrations) at different flowrates, and equipment to measure the
temperature of water (or chemical concentration).
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Preliminary studies proved that the flume needed "inlet-outlet boxes" at
both ends where water enters and leaves the flume and a "supporting
frame" to support a load -- that is, water, the flume, and the boxes.
Therefore, the flume and its accompanying structure is called the "flume
structure.” The system to supply water is called the "water supply
system," The equipment to measure the temperature is called the "tem-
perature measuring equipment."

Detailed requirements and restrictions for the experimental system are
Tisted in the following sections.

Flume Structure

1.

The maximum gross space available for the fiume structure is approxi-
mately 12.2 meters (40 feet) long, 1.22 meters (4 feet) wide, and 3.36
meters (11 feet) high. This height includes the clearance required
when one end of the flume is tilted up.

The walls of the flume are transparent so that the state of flow can
be observed from the sides of the flume.

The inside of the flume is as smooth as possible.

The flume is made in sections to provide control weirs, side inlet
and outlet devices, and changes of geometry, when necessary.

Two inlet-outlet boxes with the depth deeper and the width wider than
the flume are placed at both ends of the flume to give the water
supply system a chance to stabilize before flowing into the flume,
and to provide a drain.

The deflection of the supporting frame is as small as possible.

The deflections of the frame at the center and both ends are approxi-
mately equal.

The supporting frame is made in sections for ease of construction and
transport.

The supporting frame is able to support the flume with a width of
approximately 0.914 meters (3 feet).

A "tilting device” is able to give a slope of approximately 1/10 to
the flume bottom.
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10. Bottom roughness provides friction much larger than that found in
nature since the flow rate obtainable in the flume is 1imited. The
bottom roughness is remavable from the flume.

11. A gate can be installed at several points along the flume, and its
opening is adjustable,

Temperature Measuring Equipment

1. The temperature of the water in the system supplying the flume and
the air temperature is recorded in order to determine if the flow in
the flume has reached a nearly-steady state.

2. The temperature of the water in the flume is measurable vertically
and ltongitudinally to find the temperature distribution profile of
the flow.

6.3 DESIGN AND CONSTRUCTION OF THE EXPERIMENTAL SYSTEM

The experimental system is designed and constructed to fulfill the re-
quirements and restrictions are stated in Sec. 6.2.

A detailed sketch of the flume is shown in Figure 8. A schematic dia-
gram of the water supply system is shown in Figure 9. Further details of
the system are given in Yanagida.8
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SECTION VII
EXPERIMENT AND DATA

7.1 EXPERIMENT

Experimental Plan

The principal object of this experiment is to generate as many of the pre-
dicted interfacial profiles as possible in the experimental flume.

Prior to the experiment, an experimental plan was formulated out as fol-
Tows, assuming that each profile could be generated if the proper values
were given to the parameters included in the interfacial profile equat-
ions.

For each profile, a set of parameters was found to satisfy the requirement
that it could be observed within the length of the flume. The parameters
are the slope of the flume bottom, the flowrate of moving layers, the
temperature of the two layers to determine their density, the total depth
of the flow, the depth of one of the layers. and the interfacial and
bottom friction factors.

The selection of the parameters was done through trial and error by num-
erically integrating the proposed interfacial profile equations with

the free surface profile equations.* The temperature of the two layers
was chosen so that the difference in the average temperature of the two
layers was at least 3.3°C (6°F).6 The bottom friction factor was esti-
mated by the formula suggested by Ghosh and Roy.10 For the interfacial
friction factor, the value calculated from the friction factor for the
smooth channel of open-channel flow was substituted after Polk et a1.7

* The computation used the 4-th order Milne predictor-corrector method.
Since the same program is used in Sec. 7.2, see Appendix C.
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Care was taken to give sufficient flowrate to the moving layer so that
its flow would be in the turbulent region if it was a non-stratified
flow. The effect of side walls was ignored at that time.

However, the following observations were obtained from the preliminary

experiment for the lower Tayer analysis.

1. An attempt to determine the depth of the Tower layer with an under-
flow gate resulted in having the effect of changing the S1 or S2
profiles into the S3 profile. The gate seemed to be helpful to pro-
duce the S3, M3, and H2 profiles.

2. The S1, S2, M1, M2, and H1 profiles could be generated without the
gate mainly by changing the flowrate and the slope.

Thereafter, the experiment was conducted by trial and error, using the
obtained parameters as a starting point. The experiment was conducted
only for the important cases of the lower layer analysis.

Experimental Procedure

After testing several different methods of introducing the water into the
flume, most of the experiments were conducted by the following procedure.
The term "cool water" is used for the lower layer water; "warm water" is

used for the upper layer.

Prior to the experiment, the connection between the flume and the water
supply system was established by means of reinforced hoses. For the S,
M, and H profiles, the discharging Tine of the cool water system was
connected to the upstream end of the flume. Its return line started
from the downstream end of the flume. The ends of both the discharging
and the return lines of the warm water supply are placed in the upper
part of the downstream inlet-outlet box. They are equipped with baffle
boards to prevent the force of the flow from mixing the two layers.

Preparation -

The flume is tilted to the desired slope. The flume must be raised to
an elevation slightly higher than the elevation desired in the experiment,
since the welght of water lowers the flume slightly.
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The ends of the pipes of the warm water circulation subsystem are placed
at the desired position in the inlet-outliet box.

The desired total depth is marked nn ihe side wall of the flume.

The main switches of the electricity for the puwps are on; the thermister
thermometers are warming up. Each valve should be examined if it is open
or closed correctly before each specific operation.

The main valve of the service water is opened.

Making the Cool Water -~

The cool water tank is filled with the service water. To measure the
temperature of "this water, it is circulated in the temperature sub-
system through the short cut line by the pump of the water chiller.

To do this, the temperature control of the chiller is set so high that it
does not chill the water, while the setting of the cool water control
valve is adjusted Tow to open the valve fully. Desired temperature is a
few degrees [1.1 to 1.79C (Z to 39F)] lower than that to be used in the
experiment. If its temperature is close to the desired one, the circula-
tion is stopped and the water in the tank {s fed into the flume through
the by-pass line in the rotometer manifold. Initially, the discharge
pump has to be run with the valve in the by-pass line being half-closed
for a very short period to expel the air in the line from the air bleeder.

After that, the water can be fed to the flume by gravity, if the water
level in the tank is maintained higher than the level in the flume by
supplying the service water into the tank. Of course, the drain valves
have to be closed. However, both valves were kept open until some
water was discarded from the drains to clean the flume.

If the temperature of the service water is higher than that desired, the
water chillder has to be used. If it does not require too much cooling,
the water can be fed continuously to the fiume while cooling it by the
circulation through the short cut 1iné. However, when considerable cool-
ing is necessary, a batch method has to be used; that is, one tankful of
water is cooled down through circulation and then fed to the flume. This
procedure is repeated until the water reaches the desired level in the



flume. The desired level is a little higher than the total depth to be
used in the experiment, since it is easier to adjust the water level by
reducing the water level than by increasing it.

If the servicewater temperature is lower than desired, the warm water
temperature subsystem must warm the water. In a similar manner, the ser-
vice water put into the warm water tank is warmed by steam while circula-
ting through the short cut line. If the desired temperature is reached,
this warmed water has to be sent to the cool water tank before being
introduced to the flume. This inconvenience arises because the end of
the warm water discharge line is in the air with the baffle board which
splashes water until it is submerged in the water. Both batch and con-
tinuous feeding to the flume can be used depending on the degree of
warming.

Making the Warm Water -

The water for the upper layer should have a temperature 1.7 to 2.29C

(3 to 4 degrees F) higher than that we desire to have in the flume during
the experiment. As described previously, the service water is warmed by
steam injected at the in-line type heater, while circulated by the dis-
charge pump through the short cut line. After the desired temperature is
obtained, the value of one of the rotometers is opened to introduce the
water from the end of the discharge pipe submerged in the cool water.
This introduction of the warm water into the flume is done very slowly.
At the same time, the drain valve at the upstream end of the flume is
s1ightly opened to discard the cool water already -in the flume. The cool
water is removed at about the same flow rate as the introduction of the
warm water to maintain a static water level in the flume. This process
has to be repeated if the flume is not filled to the desired level by one
tankful of water.

The preparation of water for the two layers takes 1-1/2 to 2 hours.
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Before Running the Water -

The warm water, with the temperature a little higher [0.6 to 1.19C

(1 to 29F)] than we desire to have in the flume, is made in the warm
water tank. A1l the valves in the circulation subsystems are open and
all air bleeder cocks are open to expel the air. Then the water level
in the flume is brought down to the marked total depth by discarding the
cool water from the bottom drain of the flume.

Thermister thermometers have to be calibrated, if necessary. The camera
should be ready. The slope of the flume is recorded.

Running the Water -

The mixer in the warm water is started. The main steam valve is opened.
The two pumps in the warm water subsystem are started. First, both flow
rates are brought to 0.000631 to 0.000758 m3/sec (10 to 12 GPM) for a
short while; then, they are reduced to around 0.000316 m3/sec (5 GPM).
After these flow rates become relatively constant, the two pumps in the
cool water subsystem come into action. The mixer in the cool water tank
is on and the water chiller must start to work with the appropriate set-
ting of the cool water control valve. The flow rate of the cool water
should be brought gradually to the desired rate. The temperature probe
bar is submerged in the upper layer to measure the temperature at a cer-
tain point of the layer. This probe and two probes in the warm and cool
water supply are connected to the auto scan type thermometer.

The flow rate of the 4 pumps usually fluctuates and changes considerably
in the beginning of their operation. These have to be adjusted by watch-
ing the level of the water in the flume and in both tanks. Adjustment
of the flow rate has to be made until these water levels can be con-
sidered to be nearly constant.

Also, the temperature of the discharging water has to be adjusted. If the
warm water tends to lose heat, steam has to be irjected. If the warm
water temperature rises, the cool water has to be brought from the cool
water tank. In this case, approximately the same amount of the warm
water has to be returned to the cool water tank to maintain the water
level. The cool water temperature was fairly well maintained by the cool
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water control valve.

If the temperature at the three points becomes almost constant, then
dye (methyl green) is put into the cool water tank. After dye spread
through the flume and reaches the return line (dye can be seen through
the glass of the rotometer), photographs are taken.

The air temperature probe is connected to the scan type thermometer in
place of the probe which has been measuring the temperature at a point
of the upper layer. Now, the probes in the probe bar are connected to
the thermometer with a rotary switch. It took about 1 to 1-1/2 hours
to achieve a nearly steady state.

Measuring the Temperature of the Flow in the Flume -

The vertical distribution of the temperature in the flume was measured at
the middle of each section of the flume during mest of the experiment.

The probe bar is fixed to the holder so that the top probe in the bar is
slightly below the free surface. After several minutes, the probes reach
the temperature of their surrounding, and the recorder is set to record-
ing position and the rotary switch is turned at specific intervals to
profuce the record of the vertical temperature distribution. Since only
11 probes are in the bar, the probe bar has to be lowered to measure the
lower part of the flow by using a guide mark put on the bar. If the
probe bar is lowered, the temperature is recorded after the transient
period. This procedure is repeated, if necessary. Meanwhile, the visual
observations of the state of the flow are made.

The flow rate and water level have to be checked and adjusted, if nec-
essary, before going to the next measuring point. These measurements
take about 1 hour.

Stopping the Run -

The main steam valve is closed. The mixer in the warm water tank is stop-
ped. The two pumps in the warm water subsystem are stopped. The water
chiller is shut. The mixer in the cool water tank is stopped. The main
valve for the service water is closed. The flow rate of the two pumps in
the cool water subsystem is lowered gradually to a small rate and the
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pumps are shut. The water in the flume is drained slowly from the two
drains. The water in both tanks is drained. The electric source is shut.

Deficiencies and Inconveniences of the System

Although the experimental system works well in general, a few deficiencies
and inconveniences were noticed during the experiment. They are listed
below.

1.

The supporting frame is slightly twisted toward the upstream end to-
produce a slope of approximately 3.18 to 6.35 mm (1/8" to 1/4") per
0.305 meter (1 foot) in the direction of the width of the Flume.

This was found by observing that only one of the two jacks started

to rise about 6.4 mm (1/4") and then both jacks went up with the

same speed when the frame was 1ifted from the horizontal position.
This situation may be due to inaccuracy in the construction of the
yoke-shaped upstream end's support or unexpected force exerted by
aluminum welding. A few attempts were made to correct the problem,
but they were of little help. The fact that the bottom of the flume
at the upstream end is not horizontal in the direction of the width
is an inconvenience when reading the depth and determining the slope
of the flume. However, the slope is not so large that it does not
influence the results of the experiment.

The automatic temperature control valve for the warm water (steam re-
gulating valve) is not reliable. This seems to be due to overdesign
for small flow rate of warm water circulation occurring at the experi-
ment corresponding to the Tower layer analysis. One correctional
measure was taken, in which the flow rate through the heater is in-
creased by returning a portion of discharging water through the heat-
er into the warm water tank, and it did help a little. However,
manual control of the steam was used for most of the experiment.

The flowmeters, which must be checked quite often during an experi-
ment, are located far apart between the warm and cool water subsys-
tem because the limitations of space and the requirements of the

piping.
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4. The roughness plates made of plastic glass sheet warped in the
water. They had to be attached to the flume bottom with adhesive
to prevent them from disturbing the flow.

5. When the water in one subsystem was sentto the other subsystem
through the 1-1/2" pipe to maintain the temperature of the water
in the tank, the adjustment of its flow rate was quite difficult
and took time to obtain constancy. This is because these lines are
not provided with flow rate measuring devices.

6. The gate can be installed only at limited points of the flume be-
cause the gate hits lighting fixtures or a concrete girder on the
ceiling when the flume is tilted.

Accuracy of Parameters

This is a rather crude discussion of the accuracy of the parameters mea-
sured in the experiment.

1. Slope

The slope is measured by finding the elevation from the horizontal of a
point on the flume located at a distance of 7.63 mm (25 feet) from the

center of the pivot toward the upstream end.

The point on the flume is 1.22 m (4 feet) above the level of the center
of the pivot. This is because of the height of a Teveling instrument.

These relations are shown schematically in Fig. 10.

The point after tilting

E
)
A point on” 3 A
the flume «~The center of
L <1 the pivot

Fig. 10. Definition sketch for the tilted frame.
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The slope is obtained by E/L [L = 7.63 mm (25 feet)]. If trigonometry
is used, we easily find E/L = sin8-(1-cos@)tany. Tan@ is at most 1/20
and tany = 4/25 in this experiment. Since the slope is equal to tan®
by its definition, the slope obtained. by E/L generates an error of
-0.0003 at the maximum.

Other errors come from the measurement of L and the reading of E. Also,
as mentioned in the deficiencies of the system, the bottem of the flume,
where the E is measured, is not horizontal in the direction of the width.
Although the averaged bottom elevation is adjusted to the horizontal, it
certainly introduced more error. These errors could amount to +0.5%.

2. Flow Rate

The flow rate measured by a rotometer was examined by leading the water
to a weighing tank after going through the rotometer while measuring

the time. Errors were found to be at most +1% of the flow rate for flow
rates greater than 0.00378 m3/sec (60 GPM). For 0.00252 m3/sec, it is
about +2.5% of the flow rate. For 0.00158 m3/sec (25 GPM), it could be
approximately +4.5% of the flow rate.

3. Temperature

The manufacturer of the thermister probes states that +1% of 50°C is the
error for this temperature reading. The recorder used for the tempera-
ture in the flume has :C.5% error. Therefore, the accuracy of the tem-
perature measured by the instrument is +1.5% of 500C. Furthermore, water
temperature in the flume could not be maintained constant during an
experiment. Although data to be used in later analysis were chosen by
the standard of jess variation in the temperature in the flume, the
temperature averaged in the Tower layer may have an error of +0.20C
around 18.00C (64.49F). Therefore, the error in obtaining temperature
could amount to #19C at the most. This could cause a maximum error of
+0.027% 1in density and of +55% in the value of Ap/p.

If the errors of the flow rate and density difference are used, the error
in the calculated stratified critical depth can be estimated. These
errors are included in the tables shown in Sec. 7.3.
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4. Depth

The fluctuation of the total depth during an experiment was maintained
within +£0.79mm (1/32 inch). However, the total depth was measured at
two points close to the ends of the flume after the free surface was
found to be practically horizontal; the total depth at the other points
and the lower layer depth were obtained from the temperature distribution
curve on which the total depth obtained at the two points were plotted.
This may introduce #2.54 mm (0.1 inch) of error. Therefore, it is
reasonable to consider that the depth used in data analysis has approxi-
mately +3.18 mm (1/8") of error.

5. Width

The width of the flume could be 304.8 + 1.59 millimeters (12 + 1/16 in-
| ches). It is difficult to examine its width close to the bottom since
its depth is 0.914 meters (3 feet). If the above estimate is used, the
error may be +0.52%.

General Observations

The observations made through the entire experiment are listed in the
following. Specific observations on each interfacial profile are
described in Sec. 7.3.

1. The two layers of different temperatures c=.. e generated fairly
easily in the experimental flume. The average value of Ap/p was
approximately 0.001 (ranging from 0.0007 to G.0015). Even when the
disturbance was seen at the head of the warm water layer, the two
layers did not disappear rapidly.

2. The free surface remained practically horizontal through the experi-
ment, as far as the length of this experimental flume is concerned.
This indicates that we may ignore the effect of the internal circula-
tion in the upper layer as stated in Sec. 5.4.

3. The interface shown by dye coloration in the water and the interface
obtained by connecting the inflection points of the temperature
distribution curves agree reasonably well in most of the experiments.

4, If the warm water is not maintained by supplying the warm water of
constant temperature with a small flow rate, the upper layer dis-
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appears rather quickly.

5. The change in the flow rate of the warm water does not change the
position of the interface if the flow rate remains within approxi-
mately 1/5 of the flow rate of the Tower layer. The flow rate of
about 0.000316 m3/sec (5 GPM) was used for the upper layer circula-
tion in most of the experiments.

6. The position of the ends of the discharging and return lines of the
viarm water supply does not influence the position of the interface
unless they are located close to the interface or in the lower
layer.

7. Changes in the total depth of the flow and in the temperature of the
water influence the position of the interface.

8. The interface is almost straight or slightly dipped at the center in
the direction of the width of the flow in the experimental flume.

9. When the gate is used, it introduces more disturbance just behind
the gate. However, the temperature of the layers are maintained
better than in the cases without the gate.

10. When the head of the warm water layer is seen in the flume, it is
very difficult to determine where the stable two layers start.

7.2 DATA ANALYSIS

Data used in the analysis were selected mainly by examining how well the
temperature of the water in both tanks was maintained during the experi-
ment. Then, the location of the interface was determined by connecting
inflection points on vertical temperature distribution curves. The
temperature of the two layers was calculated from the area between the
temperature distribution curve and the vertical line through the in-
flection point. Water density in the two layers was found from the
table of density of water;]] then, ap/c was calculated, The stratified
critical depth was calculated from the flow rate and INYER

However, a few difficulties stopped continuation of the analysis at this
point.



1. Although an open-channel flow experiment was conducted to determine
the bottom friction factor for this experimental flume, only the
value for very shallow depth could be obtained, since only a fairly
crude method was available. Therefore, a method to estimate the
values of bottom friction factor for deeper depth must be found.

2. A good method to estimate the value of the interfacial friction fac-
tor is not available. Thus, it must be estimated.

3. It seemed that most of the stratified critical depth calculated from
its definition (Eq. 30) was lower than the data indicated.

Some methods to cope with these problems were implemented and are des-
cribed later; however, the outline of methods is given in the foliowing,
since these problems are related to each other.

Eqs. 198 and 200 are used as the interfacial profile equations and re-
written for the experimental flume (b=1) as follows.

For the positive slope flow:

3
Shy_g 1= (Cuhnow™y) (232)
dx b l-(hcz/hz)3

1/3

where { fy £i/fy, 2hy

=h 1+ +
Gyhn2w™c2 8Sy, 1-(h,/H) f

g

b

1 £4 1/3
h_f{—[£,4—2—+2h,£ 1)
= cZ[asb[ b l-(hz/H) 2w

o fb+2h2fw[l+fi/(fb+2h2fw)]‘1/3
c2' s, 1=(hy/H)

fq(1+2h2 ) [1+fi/fq/(l+2h2) ] }1/3

=h (233)
c2 BSb 1~ (hz/H)
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where fq = equivalent friction factor.

For the horizontal slope flow:

Efgz_fg(cnwhcz/hz)3 (234)
dx & 1-(hc2/h2}3

£.
£,G, 3=f 4— > L2h.f
Where b 'Hw b 1"'(h2/H) 2°w

£,/ (£, +2h,f

V)]
l- (hz/H)

=(£, +2h,f )[1+

fi/fq/(1+2h2 )

(235

=fq(1+2h2)[1+

If the relation between the equivalent friction factor, bottom friction
factor and wall friction factor obtained for open-channel flow can be
used for the two-layer flow,and the term fb is used for fq(1+2h2), then
Egs. 232 and 234 become the same forms as Eqs. 93 and 97.

Therefore, if the value of fq from the open-channel experiment can be
obtained, the estimated value of the stratified critical depth and the
interfacial friction factor can be found by the following trial and
error method.

1. Integrate numerically the interfacial profile equations (egs. 93
and 97) with the free surface profile equations (Eq. 101), using
a set of the values of the stratified critical depth and the inter-
facial friction factor,

2. Compare the interface thus obtained with the interface obtained by
the experiment.

3. If the two interfaces are quite different, choose another set of the
values of the stratified critical depth and the interfacial friction
factor and integrate.

4. This is repeated until the two interfaces reasonable match.
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Bottom Friction Factor

An attempt was made to find the value of the bottom friction factor for
the experimental flume using Eq. 219 with Eq. 220, that is,
3
§E=_fq(l+2h) (ho/h) ;
dx 8 l1- (hc/h)

(236)

When open-channel flow was run on the horizontal slope in the experi-
mental flume, it was observed that the downstream depth was slightly
lower than the upstream depth. Therefore, this can be considered as an
H2 profile according to Chow.3 (This is similar to an H1 profile in

this stddy).

Unfortunately, the flow rate designed for the two-layered flow is very
small for open-channel flow in the experimental flume and better equip-
ment to measure the depth is not available. Fairly reliable data was
obtained only from the measurement at approximately 102 millimeters (4
inches) of depth for three different flow rates. After compensating for
the irregularity of the channel bottom, the free surface profile was
obtained for this flow. Numerically integrating Eq. 236 with different
equivalent friction factors gave the calculated free surface profile.
(The Milne predictor-corrector method is used to calculate the profile.
See Appendix A.) Comparison between this and the profile obtained from
the experiment allows to estimate the equivalent friction factor for a
102 millimeter (4 inch) depth of flow as approximately 0.136. Further-
more, the effect of the momentum coefficient on this result was exam-
ined. (See Eq. 221). Whe 8=1.2 was assumed, it did not change the
above value. 8=1.2 could be the largest value occurring in the straight
experimental flume.

However, equivalent friction factors are mecessary for greater depths
of the flow. Therefore, the following method was developed to estimate
the equivalent friction factors.

10

According to Ghosh and Roy, ~ the friction factor for roughwalled

channel can be expressed as
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1 e, 0310 g—B—+C (237)
& s rfs
where f = friction factor for roughwalled channel

R = hydraulic radius

r = height of roughness element

s = width of roughness element

1 = longitudinal spacing of roughness element

m = transverse spacing of roughness element

C = a constant to be determined

Also,a is defined for a rectangular channel as

2h, h b
<1.--1n(1+b -5 if h< <5 (238)
12
b (239)
-1n(1+2h)-2, if h>§'
where h = depth of flow
b = width of the channel

For the experimental flume, Eq. 2 can be written as

1l 14a
T==—==2,0310gR .+ 240
,'_ f_ g b K ( )

bottom friction factor
bottom hydraulic radius
C-2.0370g9 [r (rs/Tm)].

where

O ~h
o
n ]

n
—
-

Since b
a=ln(1+2h)~h, if h<0.5 (241)

=1n[14(0,5/h)]-0.5, if h>0.5 (242)

Now, if the relations derived in Sec. 5.6 are used (Eqs. 214, 227, and
228),
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Rp=h(1-2R) (243)

f1,=£4(1+2h)-2hEy (244)
£,=f(1+2n)Ry/h (245)
(246)

and therefore £,=f4(1+2h) (1-2Ry)

It is assumed that the Blasius equation defined with the hydraulic radius
instead of the pipe diameter can be used to estimate the wall friction
factor (Chow3)

0.25
£,=0,223/Rey (247)
where Rew = Reynolds number related to the wall = URw/v
U = average velocity = g/h
Rw = wall hydraulic radius

v kinematic viscosity of water
Note that the Blasius equation is valid cnly for 750<rew<25,000. fw
therefore, can be written as,

0,25
fw=0.223/[(Q/vh)Ry] (248)
Equating Eqs. 245 and 248 gives
=0,2230+8 02n/( q°'2[fq(1+2h)]°'8} (249)

Therefore, f, and Ry are expressed in terms of fq(1+2h), h, v, and q.

When (1//?;)—(14a//§§) and R were calculated and plotted in a sémi-
logarithmic paper, K=3.1 was obtained.
Therefore,

1 _14d_5.0310gR, +3.1 (250)

% s
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This equation can be solved by an approximate method* to obtain fq(1+2h)
as a function of q, v, and h for each experiment. At the same time, Rew
can be calculated and examined if it is between 750 and 25,000. q and v
are considered to be constant for an experiment.+ The average h2 is
used for h. One value of f_(1+2h) was chosen for each experiment byex-
amining the average depth for that experiment. The values of fq(1+2h)
(=fb+2hfw) used in the data analysis together with the values of the
interfacial friction factor used in the analysis, are included in the
tables comparing data with the methods estimating the stratified critical
depth shown in Sec. 7.3.

Interfacial Friction Factor

Few studies have been conducted on interfacial friction factor and no one
has offered a definite method to estimate its va]ue.13’ 14, 15, 16, 17

Therefore, an attempt was made to estimate the magnitude of the inter-
facial friction factor from the obtained data by numerically computing
the interfacial profiles with different values of the interfacial friction
factor and comparing these calculated profiles with the data. As a basis
for estimating value of the interfacial friction factor, the value cal-
culated from the Blasius equation with the Reynolds number defined by the
hydraulic radius, 0.5/(1+h), is used, namely,

£,=0,223/Re; 0+ 25 (251)

*An iterative method to solve this equation, though somewhat primitive,
was developed by the author. The computer program is shown in the
Appendix B.

+The values of v are obtained from the values of viscosity found in
Reference 11.

$In this hydraulic radius, 2(1+h) is used for the wetted perimeter to re-
flect the effect of the lower layer running under the upper layer
surrounded by the walls and the bottom.
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s e
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where Rey = 5 (I+n) 2v(l+h) (252)

Unfortunately, as stated in the beginning of Sec. 7.2, the stratified
critical depth has to be estimated as well. Therefore, an accurate es-
timation of the interfacial friction factor cannot be expected.

As shown in the next section, two methods to estimate the stratified cri-
tical depth and thus two different values of the interfacial friction
factor can be obtained.

Since the calculation of the interfacial friction factor by Eq. 251 uses
the values of g/v as the equivalent friction factor, the calculation of
the interfacial friction factor is included in the computer program cal-
culating the equivalent friction factor. (See the Appendix B.)

Stratified Critical Depth

As stated at the beginning of Sec. 7.2, the indication was that the stra-
tified critical depth calculated by its definition (Eq. 90) is smaller
than the data suggests for most of the experiments conducted. The vari-
ables governing this critical depth are the flow rate, the density dif-
ference, and the momentum coefficient, if it is included in the critical
depth (Eq. 113). Errors in the flow rate and the density difference are
mentioned in Sec. 7.1. If the stratified critical depth indicated by the
data exceeds the value including the error, then the definition of the
interface and the method of obtaining the temperature of the two layers
may have to be reconsidered.

When the word interface appears in the derivation of the interfacial
profile equation, that interface must 1ie between "momentum layers"*
(Carstens]g).
called the interface between “"temperature layers." In fact, it was

However, the interface found from this experiment may be

*The momentum layers are the layers with alternative flow direction, that
is, a layer is referred to the one between 0 points in the velocity
distribution.
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assumed that these two interfaces were very close to each other. Accord-
ing to Carstensls, they do not necessarily coincide with each other.

An attempt to see the coincidence between two interfaces was not made
with equipment measuring velocity. However, visual observations of

the movement of small bubbles in the flow suggested that these inter-
faces were practically identical, as far as the experiment in this study
is concerned.

As for the averaging of temperature in the layers, no other method seems
to be more justified.

Two methods of finding the value of the stratified critical depth have
been attempted and the results are shown in Sec. 7.3. Both methods use
the profiles obtained in the experiment to estimate both the stratified
critical depth and the interfacial friction factor. The interfacial and
free surface profile equations in non-dimensional form are used for

the computation. (See Sec. 5.3 for the equations.) The following para-
meters are substituted into these equations: (1) estimated stratified
critical depth, (2) estimated interfacial friction factir, (3) bottom
friction factor obtained by the method described in the bottom friction
factor, (4) lower layer depth at the point in the flume where the two
layers are considered to be fully established in the profile obtained by
the experiment, (5) total depth at that point, and (6) density difference.

Estimated stratified critical depth is expressed in the form of the stra-
tified critical depth calculated by the definition multiplied by some
constant. Similarly, estimated interfacial friction factor takes the form
of the value obtained by the method shown earlier multiplied by a con-
stant. Numerically integrated interfacial profiles are compared with the
profiles obtained in the experiment to find the combination of the stra-
tified critical depth and the interfacial friction factor which produce a
calculated interfacial profile best fit to the profile in the data. (See
the Appendix C for the computer program.)

In the first method (method 1), it is assumed that the density difference
could be different than the one obtained by the method described at the
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beginning of Sec. 7.2. Therefore, density difference is expressed by
(ap/p)/ghe (253)

where mhC = multiple for the stratified critical depth. It gives

hc=mhc . Ohc

(254)
where ohc = the stratified critical depth calculated by its definition.

In the second method (method 2), we assume that the ignored momentum co-
efficlent, g, 1s the factor responsible for the smaller stratified cri-

tical depth. For this method,
mhc=51/3 (255)

The result {s shown in Sec. 7.3.

7.3 RESULTS OF THE EXPERIMENT AND THE DATA ANALYSIS

The Number of the Experiments Conducted

Some preliminary experiments were not directed to produce specific pro-
files. They are classified into certain profiles from observation. Ex-
periments done without the service of the cool water control valve be-
cause of its malfunction are included in the total number of experiments.

Table 1 « NUMBER OF EXPERIMENTS CONDUCTED

Profile | Number | Number used for analysis
S1 4 1
S2 19 3
s3 9 4
M1l 6 2
M2 4 3
M3 2 2
H1 2 2
H2 1 1
Total 47 18
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Experimental Data and Its Analysis

Data and their analyses for different profiles are presented in the fol-
lowing order: S1, S2, S3, M1, M2, M3, H1, and H2 procfiles. In every

profile classification, each experiment used for the analysis is present-
ed by:

1.
2.

3.

Observation of the experiment for the profile;

An experimental photograph and a figure of vertical temperature dis-
tribution curves at several points along the flume;

[Each figure, table, and computer print-out is marked by a profile
identification, as S1-3/30. "S1" is profile designation described
in Fig. 7. “3/30" is the date of the experiment (in 1973).

The number seen in photos is Expt. No. It does not agree with the
number of the experiments actually conducted: this number was intro-
duced to identify the photos after a part of the preliminary experi-
ment was conducted. The photos are not clear since they include the
reflection of items Tocated on the other side of the room and the
shadow of the railing for the probe bar.

The figure includes an interfacial line obtained by connecting in-
flection points of the temperature distribution curve, and virtual
stratified normal depth 1ine and stratified critical depth 1ine ob-
tained by the method 1. These lines are shown only for the portion
used for the analysis. The Tongitudinal distance in the figures of
the vertical temperature distribution is shorter than that in the
photos. Each flume section is 1.22 meters (4 feet) long. There-
fore, only the 7.32 meter (24 foot) length of the flume is shown in
the figures. Further, depth is very much exaggerated compared to the
Tongitudinal distance in the figures].

A table of experimental data and results of the methods 1 and 2 for
comparison between them;

(Lower layer depth and total depth are obtained from temperature dis-
tribution curves. The results of the method 1 and 2 are chosen from
the print-outs of interfacial profile computation which follow this
table.]
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4. Computer printouts of interfacial profile for the method 1 and 2.
[A printout expressed in inches for depth and in feet for distance
along the flow precedes a printout expressed in a non-dimensional
form. The computer program shown in Appendix C gives printouts
showing both dimensional and non-dimensional length on one sheet.
They are, however, shown in separate pages as described, obtained by
modifying the program slightly.]

Explanation of symbols and legend used in these figures and table follows.

fggggytenitshnz

:_ 152n+(6~).:«.
Ewégzgs
7777777

Fig. 11 Definition Sketch for Temperature
Distribution Curve

[1] = free surface;

[2] = interface obtained by connecting inflection points in the tempera-
ture distribution curve;

[3] = bottom;
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[4] stratified critical depth line calculated by the methed
1. The stratified critical depth line from method 2 is not shown

to ensure simplicity;

[5] = virtual stratified normal depth 1ine calculated by the method 1;

[6] = temperature of water measured at 25.4 millimeter (one inch) in-
tervals of the depth at the center of each flume section except
when the gate is used. Since the gate was inserted at the center
of flume section 3, the measurement was taken 76.2 mm (3") be-
hind the gate for the section. Measuremert was also taken at at
least one point between sections 3 and 4, but their curves are
not shown in the figure because of the limited space;

[7] = to show depth from the bottom for reference;

[8] = point of the flume where temperature measurement was taken;

[9] = starting point of the calculation; '

[10] = gate;

[11] = gate opening;

[12] = highest water temperature in a curve, in °C (in OF);

[13] = lowest water temperature in a curve, in °C (in OF); and

[14] = name of a flume section, which is at the center of the section in
the figure.

Symbols are listed alphabetically. Parentheses and brackets after ex-
planation are for the tables; the values in parentheses are in British
units; the values in brackets are non-dimensional.

Symbols expressed in capital letters (usually shown in parentheses) are
for computer printouts. If "I" is found in these symbols, they are in
expressed in inches.

g (=BETA)= momentum coefficient obtained by method 2;

DTDHI = difference between total depth and horizontal drawn through the
free surface at the starting point, in inches;

DX = integration interval, in feet;

th/dx(=HP) = interfacial slope (th/de);
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dh2/de(=HPN) = non-dimensionalized dh /dx
=dh2/(dxsb) for positive slope flow %dhzlde=
- dhy/dx for horizontal slope flow);
80/o(=DELTA) = (ap/p)/ h.> 1n method 1;
fb(=FB) = bottom friction factor estimated by the method in Sec. 7.2;

f; (=FI) = interfacial friction factor obtained by method 1 or
2 = mfi'ofi’ in which mfi is substituted by trial and error;

Ghn2(=GHNI) = virtual stratified normal depth found by method 1 or 2,
in meters (in inches) [non-dimensionall;

GhnZN(=GHNN) = non-dimensionalized Ghn2 = Ghnz/hcz;

H(=TDI) = total depth, in meters (in inches) [non-dimensional;: 4f there
are two separated by a comma, the former is for method 1, and the lat-
ter for method 2];

HN(=TDN) = non-dimensionalized H = H/hcz;

HP = see dh2/dx;

HPN = see th/de;

h2(=HI) = Tower layer dpeth, in meters (in inches) [non-dimensional;
the former is for method 1 and the latter for method 2];

hZN(=HN) = non-dimensionalized h2=h2/hc2;

hc2(=HCZI) = stratified critical depth obtained by method 1 or 2, in
meters (in inches) = mhc°ohc2’ in which e is substituted by trial
and error;

mfi(=MFI) = see f,;

mhc(=MHC) = see hcz;

oAp/p(=ODELTA) = relative density difference, or the ratio of density
difference between two layers to mean density of two layers, calcula-
ted from T.l and T2;

ofi = interfacial friction factor estimated in Sec. 7.2;

ohc2 (=0HC2I) = stratified critical depth calculated by its definition
he53=92/[(;80/0)g], in meters (in inches), t¥=estimated maximum error;

q(=Q) = flow rate, in m3/sec (in cfs);

Sb(=SB) = slope of channel bottom;

To = average air temperature during the experiment, in OC (in OF);

T](=T1) = averaged temperature in the upper layer, in OC (in OF);
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T2(=T2) = averaged temperature in the lower layer, in OC (in OF);
TS = average temperature of water to be supplied into the flume, in

oC (in OF), subscript 1 for the upper layer and 2 for the lower layer;
TDI = see H;

TDON = see HN;

x(=X) = distance along the flow from the starting point of the computa-
tion in meters (in feet) [non-dimensional for method 1, XN for method
2]; and

xN(=XN) = non-dimensionalized x

be/hC2 for positive slope flow

x/hC2 for horizontal slope flow.
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-S1 profile

The profiles designated as S1 were produced with the slope considered
to be steep and the flow rate low. The observation, the photograph,
and the temperature distribution of both S1-3/30 shown here and the
other three experiments have the following general tendencies.

The lower layer begins very markedly, but gradually becomes ambiguous

and deeper toward downstream, and disappears. Meanwhile, another inter-
face which is definitely situated above the original interface and al-
most horizontal appears, gradually becomes clear, and finally becomes the
only interface at the end of the flume.

The latter interface may have the characteristics predicted for the Si
profile. If this assumption is correct, the internal jump, which was
expected to occur from the analogy to open-channel flow, is replaced by
the gradual change in the depth of the lower layer for this two-layered
flow.
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S1-3/30

1 2 3 4 5 6
-23.R T = . =
(73 .E;) : max- 23-:v .23 ; 2302 ..23.2
Sl .23,2°%  (73.8) (73 8) (73.8) €73.8)

‘ " (73/.89F) *. [457m{ 7" . ’
. ERTET-L) .
\\\;; - ' . ltnterfice
\ ' '. L, 305'J. .
. e : (12") .
17:5 . . : .
77777[63.5) Tmir1=17f-4oc - '(ééiw \-LComputed ha2
(63.3°F) ' A e O
17.;6 - / —
}7777777775;5737-;7) 7.6/ Computed Ghpp -
63.7) 17.6 -
(63.7) 17°6
63.7)
Sp= 0,0408
Fig. 13, Temperature distribution curve for S1-3/30.
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Table 2,

EXPERIMENTAL DATA AND RESULTS

OF METHODS 1 AND 2 FOR S1-3/30.

s1-3/30 Expt. No. 14
T,=22.7(72.9) T,=18.4(65.1) olp/p=.000912
£,=0272 £,/(8s,)=,833
oNc2=.145(5.69)28%
ofj=.0402
x 0.00 1.22(4.00) 2.44(8,00)
{.316,.334] [.632,.667]
h, .437(17.2) .488(19,2) .533(21,0)
(2.77,2.93] [3.10,3.27] (3.39,3.58]
H 592(23.3) 643(25.3) 693(27.3)
3,75,3,96] 4,08,4.31] 4,40,4.65]
Method 1
he=.157(6.20) mhe=1.090 ap/p=,000704
fiS.OIOO mfi=0.250 fi/fb=.0369
h, .437(17.2)[2.77] |.487(19.2)[3.09] |.536(21.1)[3.41]
Gh,, |.155(6.10)[.984] |.155(6.12)[.987] |.156(6.14)[.990]
dh,/dx .04090[1,002] .04086[1.001] .04083[1,001 ]
H .591(23,3)[3,75] |.640(25,2)[4.,07] |.690(27.2)[4.38]
Method 2
h.,=.149(5.87) ophe=1.032 8=1,10
h, .437(17,2)[2.93] |.487(19.2)[3.26] |.536(21.1)[3.60]
Gh,, |.146(5.73)[.976] |.146(5.76)[.981] .147(5,70)(.986]
dh,/dx|,04092(1,003] .04087(1.002] .04084[1,001 ]
H .591(23,3)[3,96] |.640(25,2)[4.29] {.690(27.2)[4.63]
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~ Table 3,

INTERFACIAL PROFILE CALCULATION FOR S1-3/30,

'iNTERFACE RECOMES HORTZONTAL

99

S1-3/30 ACC= 4.0 METHOD 1
Ti= 22,7C= 72,.9F T2= 18,4C= 65.1F Q= 5.560E-02
SB= 4.080E-0Q2 FR= 2.719E-01 OCFLTA= 9.120E~-0u4
OHC2I= 5,688E 00 0FI= 4.015E-02 «125xFR/SR= A«330E~01
HC2I= £.200E 00 MHC= 1,099 PELTA= 7.042E-04
FI= 1.004E=02 MFI= 0,250 FI/FR= %e692E-02
X - HI GHNI I HP DTCHT
0,000E-01 1,720F 01 6,097E 00 2,325E n1_ 4,0S0E-02 0,00E-D1
2,000E 00 1.818F 01 g.108E 00 2,423E 01 4.087E-02 =1.34FE-05
_4,000E 00 1,916F 01 6.119E 00 2.521F 0l 4,.086£-02 3.81F-054
6.000E 00 2.014F 01 6.129E 00 2,619F N1 U4,084F-12 5,.72E=-06
DOUBLED INTERVAL DX= 4.0000E 00 , _ - -
8,000 00 2,112F 01 6.140F 00 2,717E 01 4,083g=-02 =9 ,54fg=-07
INTERFACE BECOMES HORTZONTAL B
"s1-3/30 o B B METHOD 2
HC2I= 5.872E 00  MHC= 1.032 RETA= 1.100
FI= 1.606E~02 MFI= 0,400 " FI/FB= 5.907E=02
T GHNI B - DTDHI
0.000F-01 1,720F N1 5.730F 00 2,325€ 01 4,092¢=32 0,00E=01
2.000F 00 1.,818F 61 5,745 00 2,423F 01 4,069E-92 1.49p-06
4,000 00 1.916F.01 5.740E 00 2,521FE 61 4,087¢=02 1,91fp=-05%
6,000F 00 2,014fF 01 5,774 U0 2,619F 01 4.,085p-72 2,00p=05
DOUBLED INTERVAL DX= 4.0000E 00
8.000E 00 2,112F 01 5,789E 00 2,717E 01 4,084E-02 1.43E-05



" “Table 3., CONTINUED.

S31-=3/30 __ ACC= 4.0 __ NON-DIMENSIONALIZFD METHOD 1
T1z 22.7C= T2.9F T2= 18.4C= 65.1F _ Q= 5.560E=02
SB= 4.080E-02 FAz 2.719E-01 ODELTA= 9.120E-04
OHC2I= 5.688E 00 OFI= 4.,015E-02  +125%FB/SB= A,330E-01

“Hc2I= 6.200E 00  MHC= 1.090 DELTA= 7+042E=0U
FI= 1,004E-02 ) MFI= 0.250  _FI/FB= 3.692E-02
. XN WM GHNN  TDN HPN

0,000E-01 2,774E 00  9,835E-01  3,750E 00 1,002E 00
1.579E=-01 2.932F 00 9.852E-01 3.908E 00 1.002E GO0
3,159€-01  3.091f 00 9.869%E-01 4,066E 00 1,001 00
"4 ,7%8g-01 3.249F 00 9,.886E-01 4,224 00 1.001F 0D

DOUBLED INTERVAL DXN= 3,1587E=-01 S
6,317E=-01 3,407 00 9,903E-01 y,382E 00 1.,001E ©n
INTERFACE BECOMES HORTZONTAL )

“81-3/30 o S "”""“"'m“‘%EEQQJ“S”"
HC2I= 5.872E 00 MHC= 1,032 RETA= 1.100
FI= 1.606E-02 MFI= 0,400 " F1/EB= §5.907E-02

- XN a7 T TBHNN TON REYT-T

"0,000F-01 2,929 0n 9,758E=01 "2,960E 00  1.003F NN
1.668E-01 3.097€ 00 9,T784E-0C1 4,127 00 1,002 0n
3,335£-01 3.264F 00 9,809-01 ° 4,293E 00 1.002F 0O
5,003E=01  3,431F 00 _ 9,834F-01  4.460E 00  1,001f €0

DOUBLED INTERVAL DXN= 3.3354E-01
6,671E-01 3.598E 00 9,859E~-01  4,.,627E 00 _  1.001E 0n

INTERFACE BECOMES HORTZONTAL
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.S2 profile

These profiles were produced on the steep slope and with a fairly high
flow rate. In most of the experiment, the two layers start with a fair-
1y unstable zone of approximately 8 to 12 feet, which may be called the
"frontal zone." This frontal zone is followed by the lower layer with
almost constant depth. The temperature distribution curve shows that
the lower layer depth increases gradually toward the end of the flume.

It seems that this profile reaches the virtual stratified normal depth
very quickly after the unstable frontal zone without having much of the
descending curve which is characteristic of the S2 curve predicted.

The question is then how the gradual increase in the lower layer depth
can be explained. The following was attempted, although it did little
to explain this effect.

If the lower layer depth is equal to the virtual stratified normal depth
at this portion of the flow, we may calculate the value of fi by sub-
stituting Gh , in place of h, in GH (Eq. 94) and using the values of

h2’ H, Ap/p, and fb' Unfortunately, the accuracy of the value of 4p/p
is not enough to verify the fact that Ao/p decreases along the flow,
which can be expected from the decrease in temperature differenc be-
tween the two layers. Therefore, the values of fi are calculated, using
the constant stratified critical depth. However, this trial finds a
very rapid increase in f1 (doubled between the two sections) which may
be considered as unlikely to occur. Then, the accuracy of the estimate
of the value of fb may be questioned.

Another question is what happens if the increase in the Tower layer
depth continues. Since the length of the flume is limited, the experi-
ment did not find any definite answer. From the S1 experiment, it

may be stated that the S2 flow would eventually become the profile simi-
lar to the S1 flow.
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S2-4/30

2 3 4 5 6 7
Tmax=22{7°C (5§3§§ : 23,[25 ;23.?5 2.5
(72,99F) /3. (73,9) €73.9) (73.9)
. . 457m(18")
: ; \T.:\c:onpute he2
,;‘f'g) ‘. Computec} q ar.iie !
7777J Tmin:'lsﬁl-e;cm 16.6 16.7
77777777771)‘777777777‘ 61.9] 62.1)
72777 16.8
777>

Sp= 0.03

Fig. 15, Temperature distribution curve for S2-4/30,
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Table 4,

EXPERIMENTAL DATA AND RESULTS

OF METHODS 1 AND 2 FOR S2-4/30,

sz. 03
T81=24.6(76.3)

q=,00631(,.2228)
T82=16.5(61.7)

T0=20.4(68.7)

T1=21.8(71.2) T2=1701(62.8) OAP/P’.000944
£,=.211 £,/(85,)=,881
ohe2=-359(14.1)£26%
of1=.0278
x 0.00 1,22(4.00) 2.44(8,00)
[.902,,914] [1.80,1.83]
h, .399(15,7) 401(15. 8) 409(16,1)
[.983,,995] [.989,1.00] 1.01,1,02]
H 574(22.6) 610(24.0) 645(25. 4)
1.41,1.43] 1.50,1.52] {1.59,1.61]
Method 1
h.,=.406(15,98) phe=1.130 ap0/p=,000654
£, =,00444 mfl_o 160 £4/£,=.0210
h, .399(15.70).983]
Gh,, |.398(15.66)(.980]
dh,/dx |~,0042[-.140]
H .574(22,.6)[1.41]
Method 2
h.,=.401(15.78) phe=1.116 B=1,39
£,=.0350 mfj=1.260 £,/£,=.166
h, .399(15,70)[ .995]

Gh,, |.398(15.66)[.992]
dh,/dx -.0149{~,495]
H .574(22.6)[1.43]
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Table 5. INTERFACIAL PROFILE CALCULATION FOR S2-4/30,

Sp-4/30 ACC= 4.0 . . ... .___ MeTHOD 1
T1= 21.8C= 71.2F Toz= 17,1C= 62.8F Q= 2,228E-01
SBz 3.500E~-02 FRz 2.114E=~01 ONELTA= ge4UoE~-04
CHC2TI= 1.414E 01 OFI= 2.777E-02  .125%FB/SB=_8.808E-01
HC2T= 1.59&8E 01 MHC= 1.130  DELTA= A«S542E=-04
Fy= 4.443F-03 MFI= 0,160 F1/FB= 2.102E-02
X HI GHNI  TpI HP_ DIDHI

0,000E-01 1.570E 01 1.546€ 01 2,260F 01 =4,709g=03 _0,00E-01
1 APPR(OACHES GHM

S2-4/30 , .. __METHOD 2
HC2TI= 1.578E 01 MHC= 1.116  RFTA= 1,390 _
FI= 3.499E-02  MFI= 1,260 ___FI/FB= 1.655E-01

X HI GHNI Tpl WP DTDHI

0.600E-01 1,570 01 1.546E 01 2.26CE 01 =1.486E-02 O0,00E-01
H APPPGACHES GHMN
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" Table 5. CONTINUED,

S2=-4/30 ACC= 4.0  NON=DIMENSIONALIZFD METHOO_1
T1= 21.8C= 71.2F  T12= 17.1C= €2.8F Qz 2228E-01
SB= 3.000E-02 FR= 2¢114E=-01 ONELTA= 9e440F-04
OHC2I= 1,414E 01 OFI= 2.,777E=-02 «125%FB/SB= 8+R08E~-01
HC21I= 1.596E 01 MHC= 1,130 " NELTA= A+S42E-Cu
FI= 4.443E-03 MFI= 0.160 FI/FB= 2102E=02
XN HN GHNN TNN , HPw
0,000E-01 9.826E-01 9,801E-01 1.414E no -1 .403F-01

H APPROACHES GHN

S2-4/30 _ METHOD 2
HC2I= 1.578E 01 MHC= 1.116 RFETAz= 1,390
FI= 3,499E-02 = MFI= 1.260 _FI/FB= 14655E-01
XN HN GHNN TON HPN
0.000E-01 9.949F-01 9.924FE=01 = 1.432E 00  =4.954E-01

H APPROACHES GHN
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-S3 profile

This profile was produced with the use of the gate. The interface dips
down slightly after the gate to have the portion which may be called
vena contracta (after the term used in open-channel flow), then curves
up, and finally the Tower layer depth becomes almost constant.

Khen the gate opening was set to the lower layer depth found in the
preliminary calculation of a profile, that flow which occurred in the
flume was totally different from the expected one; that is, the lower
layer depth was much larger than calculated. This may be due to the
turbulence in the flow following the gate produced by the gate.
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S3-5/14

Fig. 16, Experiment S3-5/14,

2 3 3 5 6 7 -
Tmax?.zs'd c .25.8 ' 25,8 . 25,9 25,9
(78.4PF) ¢[78.4) [ 78.4) (78.6) (-78.6)

. . > . .
: n457]ﬂ"
. ) (18")
. =~ _/COomputed h-2
’ \\\a.&\‘ i . "
) ) I~~~ _"Computed Ch
: T L e e
.254]“\ Inter.?ace (12'.’.) - !
(10")
"152
T . #18,7PC Lo
min} oo “oF) . : "
: 18.3° 18,3 ° : .
. . ;
7777j, 9}7777564.9) 18.3 .
/7777777775 64.9) 18.4.
/7777777777:65.1)
Sp= 0.03
Fig., 17, Temperature distribution curve for S$3-5/14.
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Table 6. EXPERIMENTAL DATA AND RESULTS
OF METHODS 1 AND 2 FOR S3-5/14.,

$3-5/14 Expt. No. 32
Sp,=.03 q=.00378(.1337)
Tgy=26.4(79.5) Tg,=18.0(64.4) Ty=22.8(73.0)
T,=25.6(78.1) T=19.4(66.9) o2r/p=.00154
£,,=.208 £/ (85y,)=.867
ohg2=+217(8.54)£15%
x 0.00 1.22(4.00) 2.44(8,00)
[.102,.101] (.204,.203]
h, 274(10. 8) 320(12.6) 351(13, e)
[.766,.760] [.894,.887] [.979,.971]
H .559(22.0) .594(23,4) 632(24.9)
(1.56,1.55] [1.66,1.65] 1.76,1.75]
Method 1
h,=.358(14.1) me=1+650 Ap/p=,000343
£;=,0135 mf1=0.450 £/£,=.0651
hy .274(10,8)[.766] |.309(12.2)[.864] |.344(13.5)(.961]
Ghy, .355(14.0)[.993] |.356(14.0)(.995] |.357(14.1)[.997]
dh,/dx .0288[ .960] .0287(.956 ] .0276[ .919]
H .558(22.0)[1.56] |.594(23.4)[1.66] |.631(24.8)[1.76]
Method 2
h_,=.361(14.2) nho=1.663 B=4,60
fi=.406 mfi=13'50 fi/fb=1.954
h, .274(10.8)[.760] |.306(12.0)[.847] |.338(13.3)[.935]
Gh , .350(13.8)[.970] |.354(14.0)[.982] |.358(14.1)(.993]
dh,/dx .0254[ ,845] .0259[.863] .0267[.891]
H «|,558(22.0)[1.55] |.594(23.4)[1.65] |.631(24.8)[1.75]
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Table 7. INTERFACIAL PROFILE CALCULATION FOR S3-5/14,

$3-5/14

T1= 25,6C= 78,1F
SB= 3.,300E-02
OHC?2I= R,543F pno

HC2T= 1.410E 01

FI= 1.354E-02

X

0.000E-01
2.000E CO
4,000E 00

6,000 00

8,000
1.000¢

00
01

$3-5/14
HC2I= 1.421E 01

FI= 4,063E-01

X

0.000E-01
Co
co
00
00
01

2,00CE
4.,000f
6.000F
8.000F
1.000E

ACC= 30 METHOD 1
78.1F  To2= 19.,4C= 66,9F Q= 1.337E=0
FR= 2.080E~01 ODELTA= 1.S4pE~03

OF I= 3Q 0 1_0E"~0_42 e 1_25*FB/§_.87; Re 667E'01

MHC= 14650 = DELTA= 3.428E-04
__ MFI= 0,450 FI/FB= AeS512E=02
HT GHNI oI WP  DIDHI
1.080F 01 1.399E 01 2,19%FE 01 2,R79g=02 0,00f=01
1,149F 01 1,.401E 01 2,267E 01 2.876F-02 9,24E=06
1l.21af 01 1,402 01 2,339€ 01 2.8686-02 3.43€-05
1.287F 01 1.G04E 01 2.411E 01 2.846E=02 5.82E=05K
1.354¢F 01 1,405 01 2,483E 01 2,757E-92 1,00E-04
1.430F 01 1.407€ G1 2.555E 01 3.345F-02 1.12F-04
IT IS MO LONGER A S3 PROFILE FROM THIS POINT

) - METHOD »2
"MHC= 1.663 = BRETA= 4.600
MFI=13.500  FI/FB= 1.954E 00

T ar GHNT Tpl HP DTDHI
1,080F 01 1.378E 01 2,195€ 01 2,535£=-0> O0,00E=-01
1.141F €1 1.387€ 01 2.267€ 01 2,561-02 B8,49-04
1,203 01 1,395E 01 2,339 01 2,589g=-02 1,61E+03
1.265¢ 01 1,403 01 2,411E 01 2,622F~02 2,29£-03
1,329 01 1.411€ 01 2.483FE 01 2.673E-072 2,91E£-03
1,395 01 1,420 01 2,555€ 01 2,952g~02 3.45£-03
1.464F 01 1.430E 01 2,627E 01 2,377E=02 3.95E<03

1,200 01

IT Is NO LONGER A S3 PROFILE FROM THIS POINT
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" Table 7, CONTINUED.

S$3-5/14 ACC= 3.0  NON=DIMENSIQNALIZFD ~ _ METHOD 1.

To= 19.4C= 66.9F Q= 1+337€«01
ODFLTA= 1.540E=-03

«125%xFB/SB=_A«66T7E-01

\

DELYA= 3.428E=04

Tl=z 25.6C= 78.1F
Sg= 3.000E-02 FR= 2.080E-01
OHC2I= 8.543E 00 OFI= 3.010E-02

HC2I= 1.410E 01 MHC= 1.650

FI/FB= A«512E-02

FI= 1.354E~-02 __MFI= 0.450

XN CHN _GHNN TDN_ . HPN_
0,000E-01  7,6A2E~01 9,925E-01 _ 1,557E 00 _ _ 9.596E=N1
5.,108E-02 8.152F=01 9.937€-01 1.608E 00 9.588E=01
1.022E-01 8,641E~01 9.948£-01 1.659E 00 9.561E=-01__
1,532€-01 9.128€£~01 9.959g-01 1.710E 00 S.486£-01
2,043E-01  9.606E~01  94969E-01  1.762E 00  9.189-01
2.554E-01 1.015€ 00 9,983g-01 1.813g 00 1.115€ 00

IT IS NO LONGER A S3 PROFILE FROM THIS POINT L
T83-S5/14 o o METHOD 2

HC2I= 1.421€ 01 MHC= 1.663 " RETA= 4.600

Fi= 4,063E~01 - MFI1=13,500 "FI/FB= 1.954E 00
XN HN GHNN TDN HPN

0.000F-01 7.661F=01 9.701E=01  1.545E 00  B.448F=01
5,067E=-02 8,032E-01 9.759F=01  1.596FE 00 A,537=01
1,013F=01 8.,467F-01 9,.817c-01 1.646E 00 B.630F=01
1.520~E"_01 8.9075-.01 9.875E"_Q_1_ 1.697E 00 3.739&"01
2.027E-01 9.353F=01 9,934F-01 1.748E 00 Rs911F~-01
2.534E-01 9.820E~01  9.997e-01 1.79%E N0 9.R39£-01
3,040E-01 1.,030F 00 1.006E 00 1.849E 0O

74922E-01
IT Is NO LONGER A S3 PROFILE FROM THIS POTNT ,
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‘M1 profile

The M1 profile was obtained with a small slope and a small flow rate.
The interface was almost parallel to the free surface in the experiment.
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‘M1-4/21
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Fig. 19. Temperature distribution curve for M1-4/21,
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Table 8,

EXPERIMENTAL DATA AND RESULTS

OF METHODS 1 AND 2 FOR M1-4/21,

113

M1-4/21 Expt. No. 22
$),=.0158 q=.00158(,0556)
T,=23.1(73.6) T,=18,1(64,6) obp/p=.00106
£),=. 255 £,/(8S,)=2.02
ohe2=+137(5.39)223%
ofi=.0394
x 0.00 2.44(8,00) 4.88(16,0)
[.268,.269] [.536,.538]
h, 389(15.3) 424(16,7) 462(18,2)
2.71,2.71] [2,96,2.96] {3.22,3.23]
H 604 (23,8) 645(25.4) 683(26.9)
4,21,4.22] 4,49,4,51] 4,76,4,77)
Method 1
h_,=.144(5.66) nhe=1.050 Ap/p=.000918
£,=.00788 nfj=0.200 £,/£,=.0309
h, .389(15.3)[2.71] |.425(16.7)(2.96] .462(18,2)[3.22]
Gh .187(7.36)[1.30] |.187(7.36)[1.30] .187(7.37)[1.30]
dh,/dx |.0148[.937] .0150(.952] .0152[.962]
H .604(23.8)[4.21] |.643(25.3)[.643] .681(26.8)[4.75]
Method 2
h.p=.143(5.64) nhe=1.048 B=1.15
£,=.0236 nf=0.600 £, /£),=.0926
h, .389(15.3)[2.71] .425(16.7)[2.97] |.462(18.2)[3.22]
Ghy, 2 .187(7.35)[1.30] |.187(7.38)[1.31] .188(7.41)[1.31]
dh,/dx .0148[,936] .0150[ ,951] .0152[.961]
H .604(23.8)[4.22] .643(25.3)[4.49] |.681(26.8)[4.76]



INTERFACE BECONES HORIZONTAL
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Table 9. INTERFACIAL PROFILE CALCULATION FOR M1-4/21,
Ml-Uu/21 ACC= 4.0 o . e ___MFTHOD 1
Tiz 23,1C= 73.6F  Tp= 18,1C= 64,6F Q= _S.560F-02
SB= 1.58¢E-92 FR= 2.552E-01 ODELTA= 1.063E=03
OHC?I= 5,386E nn OFI= 3.940E-02  +125%FB/SB= 2.019F 00
HC21= 5.655€ 00 MHC= 1,050 DELTA= 9.183E-04
FI= 7.88GE-03 MFI= 0,200 FI/FB= 3.0488E-02

X HI CGHNI  _ TpI HP DTDHI
0.000g-01 1,530 01 7.348E 00 2,380£ 01  1,.480F-02 0,00F=01
4,000F 00 1,601 01 7.353E 00 2.,456F 01 1.,493E=02 =2,00E=05
8,000 00 1,673 01 7,358E 00 2,532 01 1,504F-02 -8,58F-06
1,200 01 1,746F 01 7.3A4E 00 2,608F 01 1.513F~-02 -1.34F-05

NOUBLFD INTERvVAL NX= 8.00006E 00
1.600E 01 1.818F 01 7.349E 00 2,.683E 01 1.521F-02 -2.,86E-06
2.400€E 01 1.965F 01 7.3280E 00 2.835E 01 1.533E-02 =-1.24F-Q5
3,200E 01 2,113 01 7,.%91E 00 2,987FE 01 1,542F-02 -6,.68FE=06
4,000 01 2.,261F N1 7,402 00 3,138E 01  1,549F-02 =6,68F-06

DOUBLEP INTERVAL DX= 1.6G00F 01 '
4,300C €1 2,410F 01 7,413E 00 3,290E n1 1.554F-02 =1,62E=05
6.400E 01 2.709r 01 7.435E 00 3.593E 01 1.52E=02 =1.05E-05
8,000 01 3,009¢ 01 7.457€ 00 3,897E N1 1.566E-02 -3,81F=-06
9.600F 031 3,311F 01 7,.479E 00 4,200E 01 1,570F-02 0,.00g-01
1,120 02 3,612F 01 7.502E 00 4,504F 01 1.572£-02 0,00F=-01

DOUBLEND INTERVAL DX= 3.2000E 01 _
1,2R0E 02 3,914F 01 7,.554E 00 4,807E 01 1,574E=02 0,00E=01
1.600E 02 4.519F 01 7.548E 00 S.416E 01 1.57¢E=02 =1.53F=0%
1,920 €02 £,124F 01 7.411E 00 6,020E N1 1.5776£-02 0,00F-01
2,240 02 5,730f 01 7.A54E 00 6,627E 01 1.578E-02 O0,00F-01
~ DOUBLED. INTERVAL DX= 6.4000E 01 '
2,560E 0z 6,336F 01 7.697E 00 7.234€ 01 1.578E-0> O0,.00F-01
3,200E 02 7.548€ 01 7.781E 0D 8,447E 01 1.579E-02 0,00E-01
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Table 9 CONTINUED,
Mi-4/21 ACC= 4.0 . . _METHOC 2
HC21I= 5,643E 00 MHC= 1.048 RETA= 1,150
FI= 2.364E-02 MFI= 0,600 F1/FB= 9.263E-02
X HY GHNI ‘Tpl HP DTDHT
0.000€-01 1.530F 01 7,351E GO 2,380FE 01  1.,479F-02 0,00F-01
4,000 00 1,601f 01 7.3A5E 00 2.,456F 01 1.,492F-02 2.15(-06
8.000E 00 1,673¢ 01 7.378E 00 2.532E 01 1,502p=02 2,00p=0%
1.200E 01 1,745¢ 01 7.392F 00 2,608 01 1.511f=-02 3,.72p-05
DOUBLED INTERvVAL DX= 8.0C00E 00 , o o
1.,600E 01 1,818F 061 7,405E 00 2,683EC 01 1.519F-02 2,86FE=N5%
2.400E 01 1.965F 01W?”&1§E_9Qh§n§§55;QlWNJ;EQAE:QE_“§4g§E:Q§_
'3,200E 01 2,112 01 7,4&0EF 00 2,987¢ 01 1.540F-02 6,10F=05
4.000E 01 2,260F 01 7.4AR8E 00 3,138E N1 1.547F-02 8,01F-08
DOUBLED INTERVAL DX= 1.6000F 01
4,800E 01 2,409F 01 7,516E 00 3,290E 61 1,5%2F-02 8,30E-05
6«400E 01 2,708F 01 7.571FE 09 3.593E 51 1.50E=72 9,.54F=n%
8.000F 01 3.,008F 01 7.626E 00 3,897E 01 1.565E-N2 1,08F-04
9.600E 01 3,308 01 7,.AA0E 00 4,200F 01 1.568F-02 1,37p-0u4
1.,120E 02 3,610F 01 7.734E 00 4.504E 01 1.S70E=02 1,37F=04
POUBI ED INTERVAL DXz 3.2000F 01
1,280E 02 3,3911F 01 7,748E 00 4,807E 01 1,572F-02 1,53E-04
1.600E 02 4.51¢F 01 7.892E (G0 S.414E 01 1.5785F=-02 1.S53F-04
1,920 02 5,121 01 7.995€ 00 6.020F 01  1.576E=02 1.68F=04
1 2.240F 02 5.726F 01 8,095E 00 6,627E N1 1.577E-02 1.68F=04
DOUBLED INTERVAL DX= 6.4000E 01 , _ . L
2.560E 02 6£.332F 01 8.192E 00 7.234E 01 1.,578F=02 1.g8E~04
3.200F 02 7.544F N1 R,RR1E 00 B,447E 01 1.578E-N2 1.83F-04



Mi-4/21

T1= 23.1C= 73.6F

SB= 1.580E-02
OHC21I= 5,386E a0

Hc2I= 5.,655E 00

XN

0.000E-01
1.3“1Ei‘01
2.682E-01

4.023E-01

DOUBLED
5.364E-01
1.073E 00
1.341F 00

DOUBI ED
1,609E 00
2.146E oOC
2.682E 00
3.218E 00
3,755 00

DOUBLED
4,291E 00
S.364E 00
6.437E 0C
7.510F 0OC

DOUBLED
'8,583E 00
1,073E 01

ACC= 4.0 ___ NON=-DIMENSIONALIZFD METHOD 1
Y2z 18.1C= 64 .6F Q= S+560F=-02
FR= 2.552E=01 ODFLTA= 1.063FE=03
OFI= 3.940E-02  «125%FR/SB= 2.019FE 00
MHC= 1.050  DELTA= 9.183E-«04
FI= 7.880E=03 ~~  MFI= 0,200 FI/FB= 3.088E-02
HN GHNN _JIDN HPN
2,705 00 1,299E 00  4,208E 00 9.,365E-01
2.83%2FE 00 1.300F 00 4.343E 00 9.448F~01
 2,959F 00 1,301f 00 4,477 00 FeS517FE=01
3.087F 00 1.302¢ 00 4.,611FE 00 9.575F~01
INTERVAL DXN= 2.6821E-01 .
3.,216F 00 1,303F 00 4,745E 00 9.624E=-01
3.475F 00 1.305F 00  5.013E 00 9¢702E-01
3,736 0O 1.307F 00 5.281E 00 9,759F«01
3,998 00  1,309¢ 00 5,549 00 9,803F=01
INTERVAL DXN= 5.3642E-01
4,261E 00 1,311E 0C 5,818t 00 9,836E-01
4.790F 00 1.315€ 00 6«354E 00 9.883E~01
S¢321F 00 1.319E 00  6.891F 00 9.914F-01
5.854F 00 .1.323€ 00 7.427E 00 9.934F=01
 B6.387FE 00 1,326 00 7,963 00 9.949E=-01
INTERVAL DX¥N= 1,0728E 00
6.921F 00 1,3306 00 8,500 00 9,959€=-01
7.990E 00 1.338F 00 9.573E 00 9¢973E=-01
9.061F 00 14346E_ 0G0 1,065 n1 9,981f=~01
1.013F 01 1.353F 00 1.172E 01 9,986F=-01
CINTERVAL DXh= 2.14S7E 00
1.120F 01 1.361E 00 1.279E 01 9,989€-01
1.335F 01 1.376E 00 1.494E 01 9.993E-01

Table 9, CONTINUED.

INTERFACE BECOMES HORTZONTAL
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Table 9, CONTINUED,

M1=4/21 ACC= 440 NON=DIVMENSIONALIZFD METHOD 2
HC2I= 5.643F 00 ~ MHC= 1.048 RETA= 1,150
Fi1= 2.364E-02 MFI= 0,600 FI/FB= 9.263E=~07
XN HM GHNN TDON . HPM
0.000g-01 2.711f 00 1,303 00 4.218€ 00 9.360F-01
1.344£-01 2.838F 00 1.305F 00 4,352 0O Q. 440F~01
2.688E=01 2.965F 00 1.3076€ 00  4.487E 00  9,.,507g=01
4.032€=01 3,093F 00 1.,310F 00 4,621 00 S.564F=N1
DOUBLED INTERVAL DXN= 2.68B80E-01 S -
5.,376E=-01 3,222 00 1.312E 00 4,755E 6O 9.612E-01
B8.064E-01  3.482F 00 1.317E 00  5.024E noO 9.688E-01
1.075F 00  3.743F 0O 1.322F 00 S.293E N0 9.TUSE-01
1.344E 00 4,005 00 1.3276 00  5.562E 00  9.789E=01
DOUBLED INTERVAL DXN= S5.3760E=01
1.613E 00O 4,269€ 00 1.332E 00  5,831E 60  9,R23E-01
2.150E 00 4,798F 00 1.342F 00 6e368E 00 9.871E=01
2.688E 00 5.330F 00  1.351€ 00  6.906E 00 9.902E=-01
3,226E 00 5,863F 00 1,361lFE 00 7.44%3E 00 9.924F-01
3.763E 00 6¢397FE 0O 1.371F 00 7.981F 00  9.940FE=01
DOUBLED INTERVAL DXN=z 1,0752F 00
4,301E 00 6.932F 00 1.380E 00 8.519€ 00  9,951E=01
5.376E 00 8.002F 0O 1.399E 00 9.594F 00 as9gpE~01
6.451E 00 9.074E 00  1.417E 00 1.067E 01 9,975(-01
7.526E 06 1,015F ©1 1.434F 00 1.174E 01 9,981F=-01
DOUBLED INTERVAL DXN= 2,1504E 00 o
8,602E 00 1.122F 01 1.452FE 00 1.282E 01 9,985 =01
1.075E o1 1.337€ 01 1.485F 00  1.497E 01  9.990E=01

INTERFACE BECOMES HORTZONTAL
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-M2 profile

This profile was the most clearly observed in the flume. The lower lay-
er depth decreases along the flow after the unstable frontal zone. The
higher the flow rate, the steeper the slope of the interface became.
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M2-4/18

Fig. 20, Experiment M2-4/18,
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- 3 4 Computed =, 9 o
. 22.4 23.3 ToaxT23. . BBy . 23,8 . 23,9 =
-(72 3)(73 9)" (74 %ﬁ) (7447) - (74(8) - (75.0)
e 6 .
— | /Interface .
L457m| . g
(13*% e
4_omp9ted:pc2
;305m] .
azw -
i . & T ns - . : .
17.5 7.5 TPsop |.152k(6") 1705 A
[63.5) (63.5) (63.59F) 63.5) (63.5) 63.7)
T3
777 :
L L LT L L L4 I //////////////////////// LA T
Sp= 0,0058

Fig.

21,

Temperature distribution curve for M2-4/18.
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Table 10, EXPERIMENTAL DATA AND RESULTS
OF METHODS 1 AND 2 FOR M2-4/18,

M2-4/18 Expt. No. 21

Sp,=.0058 q=.00757(.2674)
Tgy*25.2(77.4) Tg,=17.7(63.9) Tg=22.2(73.8)
T1=22.8(73.0) T2=17.8(64.0) obp/p=.00105
£,=. 225 £/ (85p)=4.84
oPea=+392(15,4)20%
ofj=-0274
x 0.00 .610(2.0) 1.22(4.0)
[ .0090,.0090] [.0181,.0181]
h, .523(20.6) 511(20.1) .498(19.6)
[1.34,1.34] 1.31,1,31] [1.27,1.27]
H 676(26,6) 678(26.7) 683(26,9)
1.73,1.73] [1.73,1.73] 1.74,1.74]
Method 1
h.p=.392(15.4) mhe=1+000 ap/p=,00105
f,=.0206 nfi=0+750 £,/£,=.0915
h, .523(20.6)[1.34] |.511(20,1){1.31] .498(19.6)[1.27]
Gh,, |.742(29.2)[1.90] |.736(29.0)[1.88] .730(28,7)[1.86]
dh,/dx -.0185[=3.19] ~,0209[-3,60] -.0245[-4.22]
H .676(26.6)[1.73] |.679(26.7)[1.73] |.683(26.9)(1.74]
Method 2
h_,=.392(15.4) mhe=1.000 8=1,00
£;=.0206 nf=0.750 £3;/fp=.0915

The same entry as in Method 1.
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Table 11, INTERFACIAL PROFILE CALCULATION FOR M2-4/18,

M2=4/14 ACC=

Ti= 22.8C= 73,0F
SB= S5.800E~03

OHC?21I= 1.54%2E 01
HC2T= 1.542E 01

FI= 2.055€E~02

To=
FR=

17 .8C= 64.0F . _
2.247TE-01

OFI= 2.740E-02

MHC= 1

«000

- MFI= 0.750

. ___MFYHOD 1_

9= 2.6T4F=01
ODELTA= 1.048E-03
«125%xFB/SB= 4+843E 00 _

_DELTA= 1.048E-03

FI/FB= 9.146F~02

X HT GHNIT TpI WP DYDHI
0.000¢~01 2,060¢ 01 2,922 01 2,660E 01 -1.853F-N2 0,00g-01
2.000E 00 2,013 01 2,R97F 01 2.674E 01 =2.089E=02 9,27g=-05
3.999g 00 1,959¢ 01 2,874 01 2,688F 01 =2,445¢p=-02 1,85¢=-04
5.959F 006 1.834fF n1 2,851 C1 2,702E 01 -3.044g-02 2,63g~04
7.999F 07 1.808F 01 2.828E 01 2.716E 01 -4,326E-02 3,71F-04
9.999F 00 1.654f¢ 01 2,797E 01 2,.730FE 01 =1.173E-Nn1 4 ,49-0u4

HALVED INTERVAL DX= 1.0000E 0O I o
GHN=-CURE BECOMES NEGATIVE
M2=u4/18 . __MFTHOD o _

HC21= 1.542F 01

FI= 2.055E-02

MHC= 1

000

MFI= 0,750 __

_____BETA= 1.000

_FI/FB= 9.146FE-02

X HI GHNI I _ HP__ DTDHI
0,0N0E=071 2.060F 01 2,922E 01 2.660E 01 -1.,A53E~02 0.,00£-01
2,0N0F 00 2.013F N1 2.897E 01 2.674E 01 =2.089E=02 3.27E~05K
3,999 00 1,359 01 2.874E 01 2,688E 01 -2.445(=-02 1,85p-04

"'§.999F 00 1.894¢ 01 2.851F 01 2.702E 01 -3.044E~02 2.63E-04
7.999€ 0n 1,308 01 2,828E Gl 2.716E 01 -4.326E-02 S.71E-04
9,999 no 1.654F 01 2,797E 01 2,730E 01 =-1.173E~-01 4.49E-04

HALVFD INTERVAL DX= 1.9000E 00

GHN-CURE RECOMES NEGATIVE
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M2-4/18 _ACC= 3

_Tiz 22.8C= 73.0F
SB= 5.800E-03
- 0HC21I= 1.542FE 01

- HC2T= 1.5%2E 01

_ FI= 2.055E-02

Table 11. CONTINUED,

o0

T2=.
FR=

2.247E-01

OFI= 2.740E-02 __

MFI= 0,750

7.8C= _64.0F

MHC= 1,000

_NON=DIMENSIONALIZFD.

DEL

_ METHOD 1

Q= 2.674E-01
ODELTA' 1.048E=-03

A= 1 .048E~-

+125%FR/SB= 4.R43E G0

03

_FI1/FB= 9.146E-02

__ XN “HN“wwﬂwqﬂﬁﬂwﬂnww“_wmﬂl IR ».| - S
'0,000E-01 1,336E 00  1,895E 00  1,725E 00 = =-3.,194E 00
9.026E-03  1.305FE 00 1.879E 00 1.734E 00 =%.602E 0D
1,805g-02 1.270fF 00 1.864F 00 1.TH3E 00 =L.216F 0N
T 2,708E-02 1.22AF 00 1.849F 00 1.752E 00 -5.24GF 0N
3.6106-02 1,172F 00 1.834F 00  1.,761F o0C. =T7+459€ 00
4,513E=02 1.073¢ 00 1.814F 00 1.770E 00 ~2.N22F 01
~ HALVED INTERVAL DXNz 4.5136E-03 '
GHN-CUBE BECOMES MNEGATIVE
M2-4/18 i _ METHOD 2
HC2I= 1.542E 01 MHC= 1.000 RETA= 1.000
_FI= 2.085E-02 _MFI= 0,750 =~ FI/FB= 9.1H6E=02 _
XN HN GHNN TN HPN
0.000E-01 1.336E 00 1.895E 00  1,725E 00 =3.194E 0NN
9,026E-03 1.305E 00 1.879E 00 1.734E no -2.602F 00
~1,805e-02  1,270E 00 _ 1.864E 00 1.743E 00  -4,4216E 0N
2.708E~02 1.228F 00 . 1,849 00 1.752E 00 =-5.249F 00
3,610E-02 1.172F 00  1.834E 00  1,761E 00  =7.459E 0On_
4,513E-02 1.073F 00 1.814F 00  1.770E 00 =2.022F NI
HALVED INTERVAL DX¥N= 4.5136E=03 L -
GHN=-CURE BECOMES NEGATIVE
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-M3 profile

This profile utilized the gate. At the first glance, it is very similar
to the S3 profile. However, one notable difference between them found
during the experiment was that the wave was seen after the lower layer
reached the largest depth for this profile, whereas no significant wave
was seen in the S3 profile. Since the theory predicts the discontinuity
at the point where the interface meets the stratified critical depth,
this profile may be considered to be M3 profile.

The interface calculation could not produce a profile very close to the
profile obtained in the experiment. This may be due to the short length
of the curve available for the analysis. Unfortunately, the data with a
gradual ascending curve was not obtained.

123



M3-5/18

2 3 4 5 6 7 -
. Computed Ghy2 ; X
) ) 24,6 24,7
24.79¢ Ul__24.6,610m 24.6 24,
Tmax=4 6| ok L (76)3)(24%X76}3) 1 (763 - (7615)
«457m |’
(18")|.
fComputed hep
b gaa 305
.' \Interxace.ﬁ(lzﬂ)
«254m ] :
(o) .152m 176, 17,4
-1(6") (63,7) (63.9) .
Tmin$l7.2°C | 17.4 63.5
™63, 00F ) (63.3) .
COIIT 7777777777777 77777 777777 7777777777777 7777777 7 77 77 777
Sp= 0,005
Fig. 23, Temperature distribution curve for M3-5/18,
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Table 12, EXPERIMENTAL DATA AND RESULTS
OF METHODS 1 AND 2 FOR M3-5/18,

M3-5/18 Expt, No. 34
Sy,=.005 q=.00378(,1337)
Tgy=25.1(77.2) Tg,=17.0(62.6) Ty=21.8(71.2)
T,=24.3(75.7) T,=17.8(64,0) or/P=.00141
£1,=. 210 £,,/(8S,)=5,24
ooz =-223(8.79)14%
of=.0305
x 0.00 075(.25) 152(.50)
{.0011,.0012] [.0023,.0023]
h, ,300(11,8) 307(12. 1) 317(12. 5)
[.895,,911] [.917,.934] [.947,.965]
H .668(26,3) 668(26.3) 669(26,3)
(1.,99,2.03] 1.99,2.03]} 1.99,2.03]
Method 1
hep=.335(13,2) mhe=1.500 Ap/p=,000418
£4=.0107 of=0.350 £,/£,=.0509
h, .300(11.8)[.895] |.307(12.1)[.917] |.317(12.5)[.946]
Ghy,» .599(23.6){1.79] |.600(23.6)[1,79] |.600(23.5)[1.79]
dh,/dx|,0881(17.6] .108{21.6] .159[31,8]
H .668(26.3)(1.99] |.668(26.3)(2,00] |.669(26.3)[2.00]
Method 2
h02=.329(13.0) mhc=1. 474 =3.20
£,=.232 mf1-7 600 £;/fp=1,11
h, .300(11.8)[.911] |.307(12.1)[.933] |.318(12,5)[.967]
Gh,, |.560(22.0)[1.70] .562(22,1)[1.71] |.566(22.3)[1.72]
dh,/ax|.0850[17.0] .111[22,2] .216[43.2]
H .668(26.3)[2.03] |.668(26,3)[2.03] [.669(26.3)[2.03]
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Table 13. INTERFACIAL PROFILE CALCULATION FOR M3-5/18.

M3-5/18 ACC= 3.0 . I ~_METHOD 1 _
Ti= 24,3C= 75.7F To= 17,8C= 64.0F A= 1.337E=01
SB= 5.000E-03 FR= 2.N96E-01 ODELTA= 1.412E-03

OHC2I= 8.794E 00 oFI= 3.,047E-02  +125%xFB/SB=_5.240E 00 _

DELTA= 4.184E=-04
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HC2I= 1.319£ 01 MHC= 1.500
FI= 1.066E-02 MFI= 0,350 FI/FB= 5.088E=-02
X HT GHNI Tnl _HP DTDHI
0,000E~-01 1,180F 01 2,%A0FE 01 2.630E 01 8.811E-02 0,00F=-01
1.,250E~01 1.,194r €1 2,3&0E 01 2,631E 01 9.,637e-02 =5,56E~06
 2.499E-01 1,209F 01 2,341E 01 2,631E 01 1.079g-01 -1,11F-05
3,749FE-01 1,226F N1 2,362E 01 2,632E 01 1.258F-01 -1,67E~-05
4.998E-01 1.248F 01 2,3A3E 01 2,633E 01 1.590E-01 ~-7,00E-06
€.248E=01 1,277 01 2.ZA4E 01 2,634E 01 2,629E-01 -1,26E-05
HALVED INTERvVAL DX= 6.2500E=02 = L
6.873E-01 1.308F 01 2,3a6E 01 2,634E 01 9,406E-01 -7,72E-06
7.498E-01 1,391E 0l 2.371E 01 2.634E 01 -1,351E-01 -2,.87E-0¢
STGN OF INTERFACIAL S OPE IS CHANGED
M3-5/18 METHOD 2
 HC2I= 1.296F 01 MHC= 1.474% RETA= 3.200
Fi= 2.316E~01 MFI= 7,600 _ __FI/FB= 1.105E 00
X HI GHNI Ypl WP DYDHI
0.000£-01 1,180 N1 2,204E 01 2.630F 01 B8.497e-02 0,00g-01
1,248E=01 1,193 01 2,208E 01 2,631E nl 9.521e~02 1,80E~05
2.496E£~-01 1,299F 01 2.214E 01 2,632E 01 1,108g=01 3,60g-05
3.7456=-01 1.227¢ nl 2,220 01 2,632E 01 1.387E=-01 5.40E-05
4,.,993E-01 1.253g 01 2,229E 01 2,633E 01 2,159E~01 8,73E-05
HALVED INTERVAL DX= 6.2500E-02
5.6156-M1 1,274F 01 2,237 01 2,633E 01 4,196E-01 1,09E-04
6.237E-01 1.,268F 01 2.234E 01 2,634E 01 3.303E-01 1.30E-04
6.859E-01 1.314F 01 2,252E 01 2,634E N1 =5.n72FE=01 1.67E=04
STGN OF INTERFACIAL SLOPE IS CHANGED



Table 13, CONTINUED.,

_M3-5/18 ACC= 3.0 _NON-DIMENSIONALIZFD _ METHOD 1
Ti= 24,3C= 75.7F T2= 17.8C= 64.0F Q= 1337E=01
SB= 5,00CE-03 FR= 2.096E-01 ODELTAZ 1.412E~03%
QHC2I= 8.794E 0O OFI= 3.047E-02  «125%FR/SB= 5.240€ 00
HC2I= 1,319 01 ~MHC= 1.500 _DELTA= 4.184E~04
FI= 1.066E=02 MFI= 0.350 FI/FR= S«088E~02

XN ~ HM GHNN ~IDN HPN
6,000E-01 8.945F=01 1,789F 00  1,994E N0 1.762E 01
5,684E-04 9.050E~01 1.789F 00 1.994E 00 1.927E 01
1.,137E-03 9,166F-01 1.790F 00 1.995E 0o 2.158F 01
1.7056-03 9,298E-01 1.790F 00 1.995E noC 2.516F 01
2.274E=-03 9.458E=01 1,791E 00  1.996E 00  3.181F 01
2.842E=-03 9.683E=01 1,792 00 1.997€ 00 %.2585 01

. HALVED INTERVAL DXn= 2.8428E-04 -
3,126E=-03 9,.,914FE~01 1.794F€ 00 1.997€E 00 1.ae1c 0>

3,410E-03  1.054E 00  1,797E 00 1.997E 00 -2.703E 01

STGN OF INTERFACIAL Si{ OPE IS CHANGED

M3=5/18 . METHOD 2

wyggl. 1.296E 01 MHC= 1.474 RETA= 3,200
FI1= 2.316E-01 MFI= T.600 _FI/FB= 1,105 00

- XN HM GHNN TN HPMN
0,000E-01 9.106E=-01 1,701€ 00 2,029E 00 1.699F 01

§,779€E=-04 9.210E-01 1.704F 00 2.030E 00 1.904F 01
1.156F=03 9.328E-01 1.7C8E 00  2,031E 00 2,215 01
1,734E=03 9.471F~01 1.713€ 00 2.031F 00 2.775€ 01
2,312F-03 9.666E=01 1.720F 00  2,032E 00 4.317€ 01
" "HALVED INTERVAL DXN= 2.8938E-04
2,600E-03 9,831F-C1  1.726F 00 ~ 2,032E 00 R.392F 01
3.B88E-03% T 9.784F=01  1.724FE 00 2.032E no 6e606E 019
3.176E-03 1«014F 00 1.738E 00 2,033 00  =1.014F 02

SIGN OF INTERFACIAL S1 OPE IS CHANGED
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-H1 profile

As predicted, H1 profile is very similar to the M2 profile.
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H1-4/23

Experiment H1-4/23,

Fig. 24.
2 3 4 5 6 ¥
L~ S
.23.? Tmax=23¢[°C - 23, . 23, . 24,0 L 2.2 T
. (74}1) ¢ (7417°9F) - (7448) (75}0) - (75{2) (7516)
: . : -
4 Interface i
'.457
. .- (18") .
:Fomputed he2 . : :
5305ﬁ : .
(12%) .
18,1 Tp;4=18.1°C 118.2 18.3 1B.3 18.3
[64,6) 64.6°9F) (64.8} 64.9) 64.9) (64.9)
FTTTIT77 7777777777777 7777777 Y 7777777777 77T
Fig. 25. Temperature distribution curve for H1-4/23.
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Table 14, EXPERIMENTAL DATA AND RESULTS
OF METHODS 1 AND 2 FOR H1-4/23,

H1-4/23 Expt. No. 23
q=.00504(,1782)
T, =23,4(74.3) T,=18,6(65.5) 02P/p=.00107
be.ZSS
oh2=+297(11.7)420%
x 0.00 1.22(4,00) 2.44(8,00)
[3.,42,3,42] (6.84,6,84]
hy +622(24,5) 612(24.1) 599(23.6)
(1.75,1.75] 1.72,1,72] 1,68,1,68 ]
H 719(28,3) 719(28,3) 719(28.3)
2.01,2,01]] 2,01,2,01] 2,01,2,01]]
Method 1
h_,=.356(14.0) mBc=1.200 ap/p=,000618
£, =.00620 mfi=0.200 £;/£,=.0243
h, .622(24.5)(1.75] |.611(24.1)[1.72] |.600(23.6)[1.68]
dhy/dx[~,00872 -,00916 -.00970
H .719(28.3)[2.01] |.719(28.3)[2.01] |.719(28.3)[2.01]
Method 2
hczso 356(14.0) mhc=1.200 8-1.73
£;=.0372 mfi=1.200 £,/£,,=.146
hy .622(24,5)[1.75] |.611(24.1)[1.72] |.600(23.6)[1.68]
dh,/dx |-, 00895 -. 00905 -,00924
H .719(28,3)[.719] |.719(28.3)[2.01] |.719(28.3)[2.01]
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Table 15, INTERFACIAL PROFILE CALCULATION FOR H1-4/23,

Hi=4/23 ACC= 3.0 o , o METHOD_ 1
T1= 23 ,5C= 74,3F  To= 18,6C= 65,5F Q= 1.782E-01
SB= 0.000E~01 FR= 2.551E=01 ONELTA= 1.06T7TE=-03%
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OHC2I= 1,.169F 01 0F1= 3,099E-02 +125%FB=. 3.,189E-02
HC2I= 1.403F 01 MHC= 1.200 NEFLTA= R«175E-04
FI= 6.198E-03 MFI= 0,200 FI/FBz 2.430E-02
X HI DI ___ _HP___  DIDHI
0,000£~0C1 2,450E 01 24825 01 -8,718F-0%  -1.53g-05_
2.000FE 00 2.429E 01 2.825F 01 «8,928F=03 =1,53E=05%
4.000E 00 ~ 2,407E 01  2.825g 01  -9,161f-03 -1,53E-05
6.000E 00 2.385E 01 2.825E 01 -9,419F-03 -1.,53¢-05
DOUBLED INTERVAL DX= 4,0000E 00 -
8,000E OO0 2,362E 01 2.825E 01% -9,704F-03 -1,53E-05
1,200E 01 2.314€ 01 2.825FE 01 -1.0376-02 =1.53E-05
1.600E 01 2.262E 01 2.825€ 01 ~14120FE=02 -1.,53E~0%
~__DOUBLFE INTERVAL DX= 8.0000E 090 -
2,000 03 2,206E 01 2.825F 01 ~1.,227F-02 1.53£-05
2,800 01 2.074E 01 24825 01 -1.560E-02 = 3,05€-05
3,600E 01 1.893E 01 2.825E 01 =2,350F=02 6.10E~0%
HALVED INTERvAL DX= 4,00006 OO
1.600E 01 2.262E 01 2.825F 01 -1.,120F=-02 -1.,53E~-05
2,0606 01  2,206E 01 2.825E 01 ~1,227E=02 =l.53FE=05_
2,400 01 2.144E 01 2.825F 01 -1.366£-02 -1.53-05
2.800F 01 2.074E 01 2.825F 01 -1.560F=-02  1,53F=N5
3,200 01 1.992E 01 2.825F 01 ~1.,850F-02 1.53-05
3,600F 01 1,893E N1 2.825F 01  =2.,350F=02 4,58E-N5%
4,000F 01 1.757E N1 2.825F 01 ~3,516F-02 3,05p-05
_ HALVED INTERVAL DX= 2.000062 00
4, 200E 01 1.656E 01 2.825E 01 ~5.,239F=02 3. 05FE=-05
4,400E 01 1.334F 01 2.825E 01 1,711F 00 3.05E-05%
SIGMN OF INTERFACIAL si1 OPE IS CHANGED



Table 15, CONTINUED.

H1-4/23 ACC= 3.0 R, METHOD o
HC2I= 1,403 03 MHC= 1.200 RETA= 1.730
FI= 3.719E~02 MFI= 1200  _ ~ FI/FBz 1.458F~-01
X HI DL . _HP_ DTDHI
0,000E-01 _ 2,450E 01 2.825E 01 -8,950F~03 -1.53E-08
2.000 00 2.428E 01 2.825F 01 -8,985¢=-03 7.63E-05
4,000 0O 2.407E 01  2.825g 01 =-9,045¢-03 1.37E=04
6,000 0O 2.335E 01 2.825g 01 -9,129F=03 1.98g-04
NOUBLED INTERVAL DX= 4,0000E 0O = -
8,000E 00 2.363E 01 2.825E 01 -9,2376-03% 2,59E=04
1.200F 01 2.318E 01 2¢825E 01 =9.52¢FE~03 3,81E-04
1,600 01 2.271E 01 2.825g 01 «9,920F-03 5.04F-04
DOUBLFD INTERvVAL Dx= 8.00006 060
2,000 01 2.223E 01 2.825¢g 01 «1.044F=02 6.,26E-04
2,800 01 2.116E 01 2.825g 01 -1,201F~-02 8 .,54F-04
3,600 01 1.988E 01 2.825F 01 ~1,493F-02 1,05g=-03
4,400 01 1,B816E 01  2.,825g 01  =-2,222fF-02 1.30F-03
HALVED INTERvVAL DX= 4,0000fg 00
4,800E 01 1,687E 01 2.825E£ 01 ~3,407E=-02  1,40E=-03
5.200E 01 2.441E 01 2.825FE 01 ~8.960E=03 1.51E-03%
5.600E 01 2.,397E 01 2.825E 01 «93,077¢-03  1,65f=-03
HALVFD INTERvAL DX= 2.0000E 0O
4,600 01  1,758E 01 24825 01 =2.,641F=0? 1.36F-03
4,800 01 1.687E€ 01 2.825F 01 ~3.406E=02 1,40E=-03
5,000 01 1.585E 01  2.825E 01 «5.566FE=02 1,46F=03
HALVED INTERVAL DX= 1.0000E 00
4,500FE 01 1.789E 01 2 2,825F 01 =-2,404FE=-02 1.33E-03
4,600E 01 1,758E 01 2.825E 01 ~2.,641F=02 1.3¢6E-03
4,700E 01  1.775E 01 2.825€ 01 =2+956F=02 1,39F-03
4,800 O1 1.687E 01 2.825€ 01 ~3,408F=02 1.40E=03
4,900 01 1.642E 01 2.825FE 01 =4,127€-02 1.43E~03
5,N00E 01 1.585E 01 2.825€ 01 «5.56AF=-02 1.46E-03
S.100E G1 1.494E 01 2.825€ 01 -1,163F-01  1,50£=-03
HALVFD TNTERvAL DX= 5.0000E-01
5,150E 01 1.398E 01 2.825E 01 2,295E 00 ‘1,50E-03

SIGN OF INTERFACIAL i OPE IS CHANGED
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HC21I=

Hl-4/23

_Tl=z 23.5C=

" SB= 0.000E-
OHC2I= 1.1

1.40

FI= 6.196FE-

X

0,000E-03
1,711E 00
3.422E 00

5,133 00

DOUBLELD
6.843E no
1.027E 01
1.369€ 01

DOUBLED

1,711 01

2.395F 01
3,080FE 01
HALVFED
1.369E 01
1.711E 01
2.053F 01
2.395F 01
2.737€ 01
3,080E 01
3,472 01
HALVED

3,593E 01

3.764E 01
STGN CF

Table 15, CONTINUED.

ACC= 3.0 NON=-DIMENSIONALIZFN  METHOD 1
T43F  T2= 18.6C=z 65,5F = 1.782E-01
01 FR= 2.551F-01 OLELTA= 1eN67F =03
69E 01 OFI= 3.099E-02 _*125%FR= 3.189E-02
3 01 MHC= 1,200 _DELTA= A+175E-04
083 MFI= 0,200 FI/FR= 2+430E=-02

Hiv ~TDN B HPH
1,747F 00 2.014E DO -B,718E-0N3
1.731F 0D D.014E NO -84928F-07%

B 1.716F 00 2.014E 00  =94161F=N3
1.7N0F 00 2.014E 00 -9.419F=03
INTERVAL DXn= 3.4217E 00 o , S
1.684F 00 2.014E 00 -9,704E-03
leeh49F 0O 24014%E N0 . =1037E-02
1.613F 0O 2.014%E 0D -1.120E-02
INTERVAL DXn= 6.8435E 00
1.572F 00 2.014E 00 -1e227E=02
1.478F 0O 2.014E 00 _=1.560E=N2
1.349F 00 2.014FE 0O =2.350FE-N2
IMTERVAL DXN=z 3.4217E 00 o e
1.€13F Qa0 2.014E 0O ~1+120E~02
1.572F 00  2.014E 00 =1227E-02
1.528F (00 2.014E N0 ~1e366F=0N2
1.478¢F Q0 2.014E N0  =14560E-02
1.420F ¢O 2.014E 00 ~1.850F-02
1.349¢ CO 2.014E 00 =2350E-02
1253 00 2.014E 00 -3,516E~N2
INTERVAL DXN= 1,7109€ 00
1 180F 00 2.014E 00 -5.239E-02

INTERFQCIAL RLOPE IS CHANGED
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H1~-4/23

Fi= 3.,719E-02

XN

0,000E-01

1.710E 00
3.420E CO
5.131E 00
NOUBLED
6.841E 06
1.026E 01
1.368E 01
DOUBLECD
1.710E C1
2.394F 01
3.078 01
3.762€ 01
HALVED
4,104E 01
4.447E €1
4,789E 01
HALVED
3,933E 61
4,104 01
4,275€ 01
HALVED
3.848E 01
3.933E 01
4,019E 01
" 4,104FE 01
4,190E 01
4,276E C1
4,361E C1
HALVED
4,404E 01
SIGN OF

Table 15, CONTINUED,

METHOD 2

ACC= 3.0 NON=-DIMENSIONALIZFD
3 01 _ _MHC= 1,200 RETA= 1.730
MFI= 1.200 - FI/FB= 1.458E=01
BN __TDN HPN
. _1.74er 00 2.013E 00 =8,950F=03
1.731g 00 2,013E 00 -8.985€~03
1.715 00 _ 2.013E 00 _ ~9,045F=03
1.700g 00 2.013E 00 ~9.,129g-03
INTERVAL DXN= 3,4204E 00 o
1.684F 00 2.013E 00 -9,237E-03
 1.65°2F 00 2.013E 00 =9+526E=03
1.619¢ 00 2.013E 00 -9.920E-03%
INTERVAL DXnz 6.8408E 00 o
1.584F 00 2.013E 00 ~1+044E-02
1.507g 00  2.013E. 00  =1.201f=0?
1.417 00 2.013E 00 -1.493E-02
~ 1.294g 00 2.,013E 00 =2,222F=02
INTERVAL DXN= 3.4204E 00
1.202¢ 00 22,0132 00 = -3,407E-02
1+739€ 00 2.013E 00 . =8¢960E-03
1.708F 00  24013E 00 =9.077E=03
INTERVAL DXn= 1.7102E 00
 1.253fF_00 2.,013E 00 -D,641F-02
1.202F 00 2,013 00 -3.,406E-02
~ 1.130 00  2.013E 00 «5.566FE=02
INTERVAL DXN= 8,5510E-01
o o 10275F 7_”040“_”, . 2QOL3E 00 -?.406E-0?
1.253F 00 2.013E 00 “DeU1E~02
) _ 1.229F 00 2.013E 00 ~2e956FE=02
1.202F 00 2.,013E 00 ~3,406E~02
1.170¢ 00  2.013E 00 -4.127E-02
1.130F 00 2.013E 00 ~5¢566E~-02
1.065¢ 060 _2.,013E 00 ~14163€=01
INTERVAL DXN= 4,2755E=01
9,965F=-01 2,013E 00 2,295E 00.

INTERFACIAL st OPE IS CHANGED
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-H2 profile

This profile is almost the same as the M3 profile.
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H2-5/23

2 4 5 <
" 5
G S 7°¢ 24, '24,6 ; 24, ' 24,
 ga 50F) (76.%) 1. (7643) - (75{9) . (75{9)
J457m{ -
. |(18*")
jComputed .-hap
A - -
{Interface :5305A ‘
- (12%)
(10" 1 15 ' 17,5 -
fo152m (63.5)
(6~)
in$17.2°C | 17,2 17,4 17.4°
63,0°F) (63,0) (63.3) (63.3
TT7777 7777777777777 7777777777777 7777777777777 7777777777 77777
Fig. 27. Temperature distribution curve for H2-5/23,
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Table 16, EXPERIMENTAL DATA AND RESULTS
OF METHODS 1 AND 2 FOR H2-5/23.

H2=-5/23 Expt. No, 36
q=.00442(.1560)
Tg1=24.9(76.8) Tg2=16,9(62.4) To=21.8(71.2)
T,=24,4(75.9) T,=17.9(64.2) o0p/p=.00142
ohc2®- 247(9.73)£14%
of;=0296
x 0.00 .152(0.5) 228(.75)
[.411,.411] .617,.617]
h, 317(12.5) 345(13.6) 363(14.3)
(.857,.857] 2932,.932] .980,.,980]
H 692(27.3) 692(27.3) 692(27.3)
[1.87,1.87] (1.87,1.87] (1.87,1.87
Method 1
h.p=.371(14.6) nhe=1.500 Ap/p=,000420
£;=.0592 nfi=2.000 £4/£),=.282
h, .317(12.5)(.857] _337(13.3)[.910] |.354(13,9)[.954]
H .692(27.3)[1.87] .692(27.3)[1.87] .692(27.3)[1.87]
Method 2
hc2=.371(14.6) mhc=1'500 g=3,375
h, .317(12.5)[.857] .338(13,3)[.911] .356(14.0)[.960]
dh,/dx | .108 .172 .377
H .692(27.3)[1.87] .692(27.3)[1.87] ,692(27.3){1.87]
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Table 17. INTERFACIAL PROFILE CALCULATION FOR H2-5/23,

H2=5/23 ACC= 4.0 = e

T1= 24 ,4CS 75,9F . T2= 17.9C= 64,2F _ . ___ Q= 1.560F=01

SB= 0.000E~-01 FR= 2.102E-01 ODELTA= 1.419E~-03
OHC21= 9,730E 00 OFI= 2.960E=02 . _«125%FRz 2.A28E-02
HC21= 1.459E 01 MHC= 1,500 DELTAz 4.204E-04
FI= S5.,920E=02 = _MFI= 2,000 FI/FBz 2.816E=01
X . HI mewlmmmmm;m_P-_“MMJHMLM;
0,000E-01  1,250E 01 24725 01 1.074F-01  -1,53F-05
1,250E=-01 1.267E 01 2,725 01 1.158F=01 =1,53F=05
2.500E=01 1,285E 01 2,725 01 1.26BF=01 _ =1,53F=05 ___
3, 750E-01 1,305 01 2.725¢ 01 1.419F-01 -1.53g-05
5.,000g-01 1,328 01 = 2.725g 01 1.,648Fg-01  -1,53F-05
6,250E=-01 1.355€ 01 2.,725F C1 2,057g~61 ~1.53g-05
_7+S00E~-01 _ 1,393E 01 2.725¢ 01 3,155p-01_ -1,53F-05

HALVED INTERVAL DX= 6.2500E=-02

8,125E-01  1,423F 031 2.725E 031 5e724E=01 _  =~1,53E~05

7 8,750E-01 1,137E 01 2.725€ 01 7.401F-02
9,375E-01 1.143E 01  2.725 01 _ 7.509g-02
HALVED INTERVAL DX= 3.1250E-02

7.812E-01 1.406E 01 24725 01 3.900£-01

8.125€=01 1.423E 01 2,725€ 01 5.721E-01
. 8,437E-01 1,770E 01  _2.725E 01  _=6,057E=02

-1.53E-058

- 1_0 SAES_Qi -

‘,!_1 1.5._3E.' 05

-1.,53E-05%

 SIGN OF INTERFACIAL SiOPE IS CHANGED
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H2-5/23

_HC21= 1,.459E 01

Table 17, CONTINUED,

FI= 4.,736E-01

X

0.,000g-01

1,250g=01
2.,500E=0C1
3.,750FE~-01
5.000E=~01
6,250E-01
7.500E-01

HALVED

8,125E~01

8.750E~-01

9.375£-01
HALVED

7.812E-01
8.1255"'01

8.437e-01

SIGN OF

INTERFACIAL St OPE IS CHANGED
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ACCz= 4.0 o - METHOD 2
. MHC= 1,500 RETAS 3,375
MFI=16.,000 = FI1/FBxz 2.253E 00
HI . 01 WP DYDHI
1.250E 0% 2,725 01 1,081g-01 -1,53E~05
1.267E 01 2,725 01 1.172g-01 1.53£=05
1.285E 01 2.,725€ 01  1,293F-01  4,58g-05
1.306E 01 2,725 01 1,462€-01 7.63-0%
1.33%0E 01 2,725 01  1,724g=-01 1,22F=04
1.359E 01 2,725E 01 2,214F=-01 1,.53g-04
~ 1.,401F 01 2.725E 01 3,773E-01 2,14F-04
INTERVAL DX= 6.2500E=02
1,447E 01 2,725E 01 1,771E 00 2,14E-04
1.308E 01 2.72%E 01 1.482E-01 2.14E-04
1.320E 01 2,725 01 1,602g-01 2,14F«04
INTERVAL DX= 3.1250E-02
1,417E 01 2.725E 01 5,227F=01 2,14F-~04
1.448E 01 2.725E 01 1.853F 00 2,14FE~04
1.512€ 01 2,725 01  =4,209r=01 2,14F~04




Table 17, CONTINUED.

H2=-5/23 ACC= 4.0 NON=-DIMENSIONALTZFN . METHOD 1
Tiz= 24,.4C= 75.9F _  __To= 17.9C= 64.2F . .0z 15 60fF=-01
SB= 0.000E-01 FR= 2,102E-01 ONELTA= 1.419FE-03
OHC2I= 9.730F 00 OFI= 2,960E-02 «125%FR= 2.628E=-02
HC2I= 1.459E 01 MHC= 1.500  DELTA= U.204E=04
FI= 5.920E-02  ~ MFI= 2,000 ______  FI/F3= 2.816E=01
XN Hi TDM N _ HPN
0,000E~01 B.565F=01 1.867£ 00 S 1e074E-01
1.028E~01 B8e679F =01 1.867E 00 1.158E=-01
2,055E-01 B.804F.01 = 1.867E 00 = 1.268£-01
3.083E‘01 80941E"01 10867E 00 1.419E~-01
4,111g-01 9.098F=01 ) 1.867E N0 1.648FE=01
5.139£-01 9,28AF=01 1.867E 00 2.057E=-01
6,166£-01 9.542f-01 1.867E NO 3.155g=01
HALVED INTERVAL DXnN= 5.1387E-02
6,680E=-01 9.751F-01 = 1.867E 00 5e724E-01
7.194E=01 7¢793F=01 10867E 00 7.401E-02
7.708Eg-01  Te832F-01 " 1.8A7E 00 . 7.509E=-02
HALVED INTERVAL DXN= 2.5694E=02

6.423E=-01 9.631F=01 1.867E 00 . 3,900E-01
6.680E-01 2.751F=-01 1.867E 00 5.721E-01

STGN OF INTERFACIAL St OPE IS CHANGED
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" Table 17, CONTINUED.
H2-5/23 ACC= 4.0 _NON-DIMENSIONALIZFD METHOD 2
_HC2I= 1.459E 01 MHC= 1,500 RETA=z 3,375

Fr= 4,73¢E=-01

_MFI=16.000

" FI1/FB= 2.253E 00

INTERFACIAL St OPE IS CHANGED

141

XN HN _TIDN HPN
_0,000g-01 8.565g=01 1.867E 00 1,081F=01
1,028FE-01 £.680p-01 1.86TE 00 1.172e-01
2.055E=03 8.807E=-01  1.867E 00 _ 1.293g~01
3,083E-013 8.948F-01 1.867E 00 1.462E=~01
4.111E-01 - 9.110g-01 1.867E 00 1.724E-01
5.139E=01 9.309F-01 1.867€ 00 2.214E-01
6.,166E-01 9,59¢F=-01  1.8&7E 00 3.773E=01
" THALVED INTERVAL DXN= 5.,1388E-02
6.,680E=01 9.914F=01  1.86T7E 00 1.771E On
7.194E=01 8:962F«01 1.867E 00 1.482E=-01
7.708£-01  9.041F.01 = 1.867E 00 1.602E-01
HALVED INTERvAL DXnN= 2.5694E-02
6.423E-01 9,709¢-01 1.867E 00 5.227E~01
6,680E-01 95.918F=01 1.867E 00 1.853E€ 00
'6+937E-01 1.036 00 1.867E 00 -4,209E=-01
SIGN OF ~



Comment on the Result of Methods 1 and 2

Calculation either by method 1 or 2 can produce different profiles close

to the profiles obtained in the experiment. This fact may elucidate that
the interfacial profile equations derived in Sec. 5 can successfully pre-
dict the existence of the different profiles which occurred in the flume.

When looking at the summary of the values of me and o fs (Table 18),

the following statements can be made:

1. The values of mhc from the methods 1 and 2 are close.

2. Most of the values of mhc are within the maximum values of ml'e
which could happen by eeror (second column of the table 18) for the
profiles that did not use the gate.

3. Most of the values of mhc are larger than 1.

4. Most of the values of mfi for the method 1 are smaller than 1,
whereas most of the values of mf1 for the method 2 are larger than
1.

From 1, 2, and 3, it can be stated that, although variation of mhb may
be explained by the error in the calculated stratified critical depth,
there must be some factor decreasing the value of the calculated stra-
tified critical depth because most of mhC are larger than 1.

Methods 1 and 2 were used to increase the calculated value of the stra-
tified critical depth; however, nothing conclusive has been obtained.

16 ]3, the estimated magni-

According to Keulegan ~ and Bata and Knezevich
tude of fi for a small channel and for small velocities is smaller than
the coefficient obtained for smooth-walled channel. If this is true,
method 1 is a suitable method to correct the stratified critical depth.
However, this method tends to give similar values to the fi for the cases
when the gate must have introduced more turbulence and thus should have
larger fi' Method 2 seems to give larger fi for the cases involving the
gate than for the cases awithout the gate. However, the values of fi

on the whole are fairly large.

Therefore, as far as the data obtained in this experimental system are
concerned, they do not offer a solid way to predict the profiles occur-
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Profile
Identi-

fication

S1-3/30

S2-4/02
S2-4/11
S2-4/30

S$3-5/02
$3-5/04
S$3-5/09
S3-5/14

M1-3/26
Ml1-4/21

M2-3/21
M2-3/23
M2-4/18
M3-5/18
M3-5/21

H1-4/23
H1-4/25

H2-5/23

Table 18,

Error
in
ohc2
+28%

+35%
+25%
+26%

+24%
+15%
+16%
+15%

+27%
+23%

+41%
+35%
+20%

+14%
+15%
+20%
+20%

+14%

VALUES OF phe AND pfi

mhe

M1

1,090

1.020
1,150
1,130

1,650
1,400
1,450
1.650

1,600
1.050

1,160
1.490
1,000

1,500
0.900

1,050
1.500

143

M2 (B)

1.032(1.10)

1.007(1,02)
1,150(1.52)
1,116(1,39)

1.749(5.35)
1.401(2.75)
1,409(2.80)
1.663(4.60)

1,518(3,50)
1,048(1,15)

1,310(2.25)
1.710(5.00)
1.000(1.00)

1,474(3,20)
0.951(0.86)
1,200(1.73)
1.051(1.16)
1.500(3.38)

M1

0.250

1,450
0.400
0.160

0.005
0.150
0.500
0.450

0.850
0,200

0.700
0,800
0.750

0.350
9,000
0.200
1,000
2,000

M2

0.400

1,730
2.000
1.260

3,900
6.400
8.200
13.50

7.500
0.600

1.800
5.250
0.750

7.600
10,50
1.200
1,450
16,00



ring in this flume.
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SECTION IX
SYMBOLS

(See Sec. 7.3 and Appendices for the symbols used in computer programs).
width;
friction factor;
acceleration of gravity;
depth of a layer;
with an under bar, unit vector of x directjon;
with an under bar, unit vector of y direction;
with an under bar, unit vector of z direction;
longitudinal spacing of roughness element;
transversal spacing of roughness element;
with an under bar, outwardly directed unit normal vector;
with an under bar, unit vector in the perpendicular direction;
flow rate per unit width;
= height of roughness element;
= width of roughness element;
= time;
= velocity;
= mean velocity of points on the surface of a volume;
= Tlongitudinal distance (in the direction of the flow); and
= with an under bar, spatial coordinates;
transversal distance (in the direction of the width of the flow);
vertical distance (in the direction normal to x);
= area, either cross sectional of surface; and
= adverse slope flow;
B = term defined in Eq. 165;
C = constant in Eq. 237;
D = term defined in Eq. 1713

n ] n n I ] ]

n ]

i

X £ <€ o ¥ =S 0 T D3 T3 —~ Kt - TFJua —Hh OT
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term defined in Eqs. 172, 174, and 187; and
elevation;

factor related to the stratified normal depth for the lower layer;
total depth; and

horizontal slope flow;

with doube under bars, unit tensor;

constant in Eq. 240;

horizontal distance;

mild slope flow; and

method;

pressure; and

positive slope flow (= S and M);

hydraulic radius;

Reynolds number;

slope; and

steep slope flow;

with double under bars, stress tensor; and
temperature

average velocity in a layer; and

upper layer analysis;

volume;

wetted perimeter which does not include the bottem, or wall;
term defined in Eqs. 238 and 239;

momentum coefficient;

angle defined in Fig. 103

angle defined in Fig. 2;

angle defined in Fig. 33

angle defined in Fig. 45

angle between the x axis and the horizontal;
coefficient of yiscosity;
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v = kinematic viscosity;
o = density, but (p]+p2)/2 in Eq. 76;

o = shear stress;

v = stress which has taken consideration into the turbulence;
¢ = arbitrary scalor or tensor;

y = arbitrary vector or tensor;

A = difference;

v = gradient vector operator;

D/Dt = material derivative;

< > = average of a variable integrated over lamina;

' (prime) = fluctuating component of a variable when considering the
turbulence;

“(upper bar) = mean value of a variable when considering the turbulence;

_(under bar) = vector;

_(double under bars) = tensor;

Subscripts
= arbitrary control;
= bottom;
critical;
= entrance and exit;
= friction;
interface;
material; and
= multiple;
= normal;
= original;
= equivalent;
= circulation;
surface;
= wetted perimeter which does not include the bottom, or wall;
= x component of a vector;
= y component of a vector;
= 2z component of a vector;

-+ 0 0O O @
n

3 e
n n

N & X £ 0 5 0o O o
1]
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horizontal slope flow;

hypol imnetic flow;

momentum coefficient included;

non-dimensionalized by dividing with the critical depth;
positive slope flow;

water to be supplied into the flume;

upper layei' analysis; |

atmosphere;

upper layer; and

lower layer.
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SECTION X
APPENDICES

A. Computer Program "H2PROFIL" and an Example of the Print-out
B. Computer Program fESTMFBFI"'and an Example of the Print-out
C. Computer Program “STRAFLOW"
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APPENDIX A
COMPUTER PROGRAM "H2PROFIL" AND AN EXAMPLE OF THE PRINT-OUT.

This program is to calculate the H2 profile in the open-channel flow in
a rectangular experimental flume, using the 4th-order Milne predictor-
corrector method. This 1s written in WATFIV. Generally, comments will
precede statements, except for GO TO statements.

Symbols

Symbols used in the program are shown in parentheses. "0" in variables

expressiig length usually indicates initial values.

ACC = exponent in "UP" (see below), which is the upper 1imit to be used

to determine an integration interval. ("DN" is the lower 1imit.);

DX(=HH) = 1nterval of an integration;

FQ = equivalent friction factor for the bottom and the wall;

HC = critical depth, in feet;

Q = .flow rate, in cfs;

X = Tlongitudinal distance from a starting point, in feet;

XF = 1imit of X to terminate a calculation;

Y(=H) = depth, in feet;

YI(=H) = depth, in inches;

YID(-HID) = difference between depth and the initial depth, in inches;
and

YP(=H’) = slope of the free surface.

Data Card Specification
1st card includes Q and HO in FORMAT (2E10.3).

2nd carc includes FQ in FORMAT (E10.3). FQ is positive. When going to
next dati, let FQ have negative value. To terminate computation, let
FQ be 0.
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/PROGKAM H2PROFILNOEXT

C
C x%x DECL ARATIONS AND INITIAL IZATIONS
REAL ACC/5¢/v XF/16e/ 1
1 AA(H)/.54,292893241,707107¢,1666667/«
2 BB(4)/1.4.2928932¢1.7071074.3333333/»
3 CC(L4)/.5142928932,1,.707107,4.35/ e
CIMENSION Y(5+¢2)e YP(5+42)¢ YOUT(2), YPOUT(2). e ((2)
CATA (YP(Kel)e KT145)/5%1./
UP= 29./10.%*%ACC
DN= P/600. _ R S
C
C *%% | IST OF FORMATS

100 FORMAT(2E10.3)
110 FORMAT(E10.3)
200 FORMAT('I'Q///////
1 /' Y2 T4T7etH2 PRQFILE'OT?QQ'ACC‘].F“ 1y
210 FORMAT('~"+T22¢°Q=1,1PE10,3+T42+'HC=',F10.3)
220 FORMAT(! '0T220'FQ-'01PE10 3/
1 /" 0T26"X'QTQOG'YP'QTSDO'Y'OTGQQ'YI'
2 2 T76+'YID"/)
230 FORMAT(' *'9T22¢1PE9.3+F14,.3¢2F12,.34E13.3)
o40 FORMAT(' '+T27+*INTERVAL IS HALVED __DX= *41PF10.4)
250 FORMAT(' '"+T27+«*INTERVAL T8 NOYUBLEN DX= *+«1PE10.4)

260 FORMAT('1'9" ")

C xkx%x READ Q@ AND _HO AND PRINT TITLF
200 READ 100+ Qo Ho
HOT= HO%*12, B,
HC= (G*%2/32, 17) %%, 3332333
PRINT 200s ACC

C  xxx TO CHANGE Fq
210 READ 110+ FQ
IF(FA) 300410004320
c ++% PRINT Qs HC, AND FQ AMD GIVE INITIAL VALUES
320 PRINT 210« Q4 HC
PRINT 220+ FQ
Y(1.1)= 1.
Y(1.2)= HO
HH= 1.
IN= n
60 To 900 B
C *x%xx 0 T0 INTEGRATION
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€ *%x COMPUTE SLOPE OF FREE SURFACE. .
uOO YP(K.2)= FOQx(1.42.xY(Ks2))/8. /(1.-(Y(K.?)/HC)**%)
€ %x% 70 PRINT_INITIAL VALUFS . _ . o e
IF(TN.EQ+0) GO TO 999 :
GO Ta (910,920+950,960)+ L1
Cc **xx GO BACK TO INTEGRATIOHN
c .
C xxx TO PRINT OUTPUT
&£00 X=. YO_L:'J Ll_)-ln e+ s e e
HP= YPOUT (2)
IF(TN.EQe0) HPO=HP . _ .. o -
H= YouT(2)
HI= 12exH = _ o I
HIb= HOI-HI - :
 PRINT 230+ Xe HPs He HIe HID _ .
IN= 1
C x¥%x 70 TERMINATE A CALCULATION
IF(X.GT.XF) GO 70O 310
IF(HPxHPOLLT.0,) Go TO 310
 G0.TQ (9104940). Lo . __ . S,
c *%x 0 BACK TO INTEGRATIOM
c ol
C
C- _x%xx TNTEGRATION = 4TH ORNFR PUNGF= KUTTA MFTHCOD.
. C : WITH GILL*S CONSTANT
.C x*x¥ INITIALIZE qQ e
QN0 K= 1
DO 9n5 I=1.2 o R
90% QQA(1)= 0O
. S Li= 1 , , I _ .
L?2= 1
. GO _TO0 40O
c *%x G0 TO COMPUTE THE SLoPF OF FREF SURFAGE
c
o xx% TF K=4es GO TO THE PRENICTOR-CORRECTOR PART
910 IF(K.EQ.4) G0 To 930 _
K= K+l
DO 915 I=1.2 o
Y(Ke1)= Y(K=1+1)
915 YP(KsI)= YP(K=1.1I) B i i L

J= o1

L2= 1
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c *xx%x TF J=S¢ GO TO SET THE OUTPUT_ OF THE INTEGRATION

920 IF(J.EQ.5) GO TO 999
DO 925 I=1+2

DD= HHXYP (K1)
RR= AA(J)*DD-BB(J)*QQ(I)

Y{(K.T)= Y(KsI)+RR
J= J+1
L1z 2
GO TO 400.
*x*%x 0 TO COMPUTE THE SLOPE OF FREE SURFACE

x%x%x TNTEGRATION - 4TH ORNFR MILNE PREDICTOR-
L ) o CORRECTOR METHOD
xxx INITIALIZE pMC
930 PMC= O0»
MIL= 0O

OO0 0

o0

*xx GET MODIFIED Y WITH pPREDICTOR
o940 k=5 .
Y(5¢1)= Y(4s1)+HH
PRENZ Y(142)414333333%xHH*(2,*YP(2+2)

1 “YP(302)42¢%YP(442))
Y(5,2)= PRED=-.9655172%PMC . ..
Li=z 3
- GO TO 400 B
Cc %% 0 TO COMPUTE THE SLOPF OF FREF SUKFACE
C xxx GET IMPROVED Y WITH CORRECTOR.

950 COR= Y(3¢2)+HH/Z.k(YP(3¢2)+4. *YP(4s2)+YP(5¢2))
PMC= PREC-COR
Y(5.2)= COR+, 03u4828%PMC

c
€ T w%xx TEST IF THE INTEGRATION INTERVAL IS 0.K.
TEST= ABS(1.-PRED/COR) ...
IF(TEST.GT.UP) GO TO 970
IF(TFST.LT.DN) GO TO 980 -
c
c _x%xx NO CHANGE IN INTERVAL
L1= 4
GO TO 400
C ++% 0 TO COMPUTE THE SLOPF OF FREE SURFACE
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c
c

960

965

OO0 0

870

975

OO0

a0 o0

9949

%% GO TO THE RUNGE-KUTTA PART

*x%k NETERMINE Y AND YP”FQR THE INTEGRAYION OF
NEXT POINT
DO 865 1=1v2 ~

D0 945 K=144

Y{(K,T)= YU{K+21+1) o
YP(K«I)= YP(K+1.I)

K= 5 . S
MIL= 1 :

O

60 Tn 999

**¥%x GO TO SET THE GQUTPUT oF Ay INTEGRATION

*%% HALVING INTERVAL . .
HH= .5%HH

_PRINT 240¢ HH e

xkx IF MIL=0Q, Go To THE RUNGF -KUTTA PART
IF(MIL.EQ.0) GO TO 900

DO 975 I=1+.2

Y(1e7)= Y(4,1) ) . L .
G0 T0 900

*%k%x NOUBLING IKTERVAL
HH= 2 +*HH

PRINT 250+ HH

0o 9R5 I=1.2

GO To 900
*¥¥ GO TO THE RUNGE=KUTTA PART

**+% 7O SET THE OUTPUT OF AN THTEGRATIGN
YOUT(1)= Y{(K,y1)
YOUT(2)= Y(K.2)

OO0

1000

YPOUT(2)= YP(Keo) 7
60 T0 600
%% G0 TO PRINT THF OUTPUT

**x TO ELIMINATF COMPUTER MESSAGF OUT OF
1L AST PRINTED PAGE

PRINT 260

STopP

END



H2 PROFILE . _AcC= 5.0

€= 1.114E-01 HC= 7.280e-02 777
FC= 1.350¢6-01 o
X Yp Y oyr. o YIn
¢,000g-01 -3.054F=-04 3.2%4¢-01 3,953g 06 ©0,n00F-01
1.600¢ 00 -2, N62F~0u 3,291¢-01 3,949 On 3.AT0F=03
2.000F 00O -3.N69E~04 3,288g~01 3.945F 00 7.349F=N3
3,060 00 -3,077€=04  3,285£-01  3,942F 00  1,104F=02
INTERVAL YS DOUBLED DX= 2.0000F 0O S
4,000E 00 -3 ,.NBU4E-04 3,280E~01 3,938E 00 1.474F=02
6.000E 00 ~3.100E-04 3.27¢4E-01 3.931E 00 2.91gF=02
Ap,000F 0O ~3,115E-04 ~ 3,269F-01 3,923 00 2.962F-N2
INTERVAL IS DOUBLEDR DX= 4,0000f 0O
1.000g 01 -%,131E=04 3,2635=01 3.916F 00 3.711F-02
1,400 01 -3.163E~-04 3.259g£-01 3.901g 00  5,222F-02
1,800F 01 -3_196F=~04 3,233£-01 3.885F 0D €.748F-02
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APPENDIX B
COMPUTER PROGRAM "ESTMFBFI" AND AN EXAMPLE OF THE PRINT-OUT.

This program is to obtain, from /v and h, the estimate of fb value, and
the value of fi which is used as a starting point for the trial and error
method. This is written in WATFIV. Generally comments will precede
statements, except for GO TO statements.

Symbols

H = depth, in feet;

HI = depth, in inches;

HIQ = starting value of depth for a computation, in inches;

SC = shape correction factor (see the program for the definition); and
QN = q/v.

For the definitions of other terms, see the program under statement
number 300, 320, and 570.

Data Card Specification

Only one card includes profile identification, q/v, and HIO in FORMAT
(A7, 3X, E7.3, 3X, F4.1). To terminate computation, it is necessary
to have a card starting with FINISH and having Os for g/v and HIO.
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/PROGRAM ESQTMFBFINOEXT

c

€ *x%xx DECLARATIONS AND INITIALIZATIONS _ _
CHARACTER PROFIL %7
REAL FQ(2)y FGP(2), RW(2)y TRW(2)+
1 RB(2)s FB(2)y DI(2),
2 FQ0/.05/+ DFQAN/ .05/

c
€ %% | IST OF FORMATS _

100 FORMAT(A7 ¢3XeE7.3¢3XFlha1)
200 FORMAT(*1*e///77/ 7 )
1 /° '0T220A70T350'Q/NU"'.lPFlO 3/
2 /Y 24 T23+HI v o T332 9FR+2H*¥FU Yy TUGy'FR?
3 ' T62.'REB*+T764 "REW'/)
230 FORMAT(' '+T22+:F4,141P4ELIL.3)
220 FORMAT(*+*+T40vr%x")
230 FORMAT(® *+T22vF4,1+5Xs N0 SOLUTTONY)
240 FORMAT( '+ T43¢'BETWEEN FQRzg. AND B.')
541 FORMAT('+%,T42,¢, SINCE N= CONSTANT®)
242 FORMAT('"+*+T424%¢ SINCF [ NOFS NOT CORVERGE?)
243 FORMAT('+*+TH24*y SINCE RB LJLE. 00*)
244 FORMAT('+"T42"' SINCE FB L LE, 0.*)
250 FORMAT(""!T231'HI'OT’-I'?!'F'T'_)TTG!"REI'/,)
260 FORMAT(' " oT22¢FHe19TUSe1PFE9.34T734E£9,.3)
270 FORMAT('1%4v *)

c
c i e
c "w%%x READ PROFILE IDENTIFICATTONMs G/NUs AMD HTO
300 REAP 100+ PROFILe QNs HID
C x*x% 70 TERMINATE COMPUTATION
IF(PROFIL.EQ,'FINISH') GO TO 999 B
c *%x%x PRINT PROFILE IDENTIFICATION ANMD Q/MU
PRINT 200' PROFILs QN_ N i o .
GF= QN*%0,2
HI= HIO
Cc
c x*xx FOR NEw HI, DETERMINF VARIABLES RELATFD TO H
320 H= HT/12,
HF= ne223%%0,8%H - e
T GNH= QN/H
H2= 2.%H
F= 1. +H2

IF(H.G6T.0.5) GO To 330
SC= n.8727%(ALOG(P)=H)

GO T0 350 e
330 SC= 0.8727*(ALOG(P/H2)-O J5)
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OO0 0

OO0 e e e Xy 00

(@}

0 000

350

~DF@= DFQO0

3A0

xxx INITIAL APPROXIMATION OF F@
FQ(1)= FGO

J= 1
GC T 560 o S
*x%x 0 TO CALCULATE D(2) AND D(1)

xx* FIND IF THE CURVE RISFS OR FALLS WHEN FQ
TNCREASES AnND THEN DECIDE INTTIAL DTRECTTON
‘oF INCREMENT OF FG(DFQ)

DD= D(2)=D(1) o

x*¥x TF DD= 0, THIS D=FQ@ CURVE 1S CONSTANT
AND GO TO PRINT *NO SOLUTIQN®

IF(nn.EQ.0.,) GO TO 786

 DFQ= -SIGN(1,+DN)*SIGN(DFQ.D(1))

J= 2

IF(DFQ*DFQ0.6T+0+) GO TO 400

GO TO 560

*xx SINCE POSITIVE INCREMENT WAS NOT RIGHTs

G0 TO CALCULATE NEW p(2)

“xxx cHECK IF THE STGN OF Nt2) AND N(1) NTFFFRS

400

430

u4y0

4590

4A0

IF(N(2)*D(1)) 44044204430 . B o

xx%x IF EITHER D(1) OR D(2) .EQ.0.+ THIS IS
A SOLUTION AND GO TO PRINTING

IF(N(2)) 760.750:740

x%x nN(2) AND D(1) HAVE THE SAME sIGN

K= 1

GO To 450 S S

x*x D(2) AND D(1) HAVE THE DIFFERENT SIGN

K= »

*xk TF DAD= ABS(D(2))=ABS(D(1))¢GE Doy
- NO SOLUTION FOR K= 1 AND OFQ CAN BE SHORTENEN

FOR K= 2

IF(nDAD.GE.0,) 6o 10 (787,460)' K B

**x PREVIOUS VARIABLES WITH I= 2 ARE SFT TO T= 1

FR(1)= FQ(2)

D(1)= D(2)

FQP(1)- Fap(2)

RW(1)= RW(2)

RR(1)= RB(2) ) S -

*%x TF K= 1+ STILL HAVE 70 USE THE SAME NnFQ aND

GO TO CALCULATE NEW n(2)

IF(K.EQ.1) GO TO 550

*xx HALVE DFQ WITH THE S1GN OF DAD

DFQ= «5*DFQ*SIGN(1.DAD)

GO Tn 550

xxx 0 TO CALCULATE D(2)
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€ *xx SHORTEN DFQ FOR FQ CLOSF _TO_THE LIMIT OF FQ .
500 DFQ= DFG/10.

60 TO 560 - o
¢ *x* GO BACK TO CALCULATE b(2)
c , i
C *%x%x TF FQ IS BEYOND THE L IMIT OF FQ+« NO SOLUTION
550 IF(FQ(1)eGTe4:999999,0RFO(1),1.T,+000001) GO TO 783
c

_C . _*%%x NEFINE NEW FQ(2)

560 FQ(?)- FQ(1)+DFQ

C  »xx 70 _GET THE SOLUTION CLOSE TO
C THE LIMIT OF FQ

IF(FQR(2)+GT454,0R,FQA(2),LT,,0000001) ¢O TO 500

hvn

_xxx CALCULATE D AND NECEgSARY VARIABLES
5706 DO A00 I=1+2
c *%x% TO AVQOID REPEATED CAL CULATIONM
IF(I.EQ¢l«AND+J . EQ.2) GO TO AND
FAP(1)= FG(I)*P
RW(T) = HF/QF/FQP(I)**.B
 _TRWtT)= 1l.=2.%RWlI)
RB(T)= H*TRW(I)
IF(RR(I) LT, .0000001) GO TQ 78R
FB(T)= FGPIX)xTRWI(TI)
IF(FR(I).LT..0000001) G0 T0 789 e
D(Ii- 1./SART(FB(I))~- SC=- 9 OS*ALOGIO(PB(I))-B 1

600 _CONTTNUE

c
c *%% TO CHECK IF THERE IS A SOLUTTON BETWEEN
C THE LIMITS OF FQ
IF(FQ(2) .EQ,4.999999) GO To 610 o
IF(FQ(2). .EQ..000001) GO TO 620
GO To 630 L
610 IF(DN*D(2).L.T.0,) GO To 785
GO To 630 o -
620 IF(nNn*D(2). GT.0,) GO Y0 785
C s ———
C " xxx 70 CHECK WHICH FQ IS CLOSER TO THE SOLUTTON
630 DAD= ABS(D(2))=-ABS(D(1)) B
C “x%x% TO OBTAIN A SOLUTION
o 8Y THE LIMIT OF D -

IF(PAD.GE.0.,0) GO TO 640
IF‘ARS‘D‘Z)l,LTssQQQ}lwﬁg_IQA15Q
L= 1
GO Tp 650

TTTER0 IF(aARS(D(1)).LT,..0001) GO TO 760
L- ? - p JO . e e i r————— s o e o
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OO

“*%x%x TO OBTAIN A SOLUTION

RY THE LIMIT OF DFQ
IF(ARS(DFQ) (LT,1,E~-9) GO TO (745.755) L

OO

c

745
750

755
760

770

"AFB= FB(2)
© 60 Tn 770

GO TO (360+400), J
=xx GO BACK TO THE ITERATIQN

*%%x SET -THE SOLUTION e
#*% J= 3 IS TO PRINT *%' AFTER A SOLUTION
70 INDICATE THAT THIS SOLUTINN IS OBTAINED
RY THE LIMIT OF DF@
J= 3
AFQ= FQ(2)
AFgp= FaP(2)
ARW= RW(2)
ARB= RB(2)

J= 3

AFO= FQ(1)
AFQP= FQP(1)
_ ARW= RW(1)
TARB= RB(1)
AFBz FB(1)
*x% CALCULATE REYNOLDS NUMBER AND PRINT OUTPUT
RER= QNH*ARB
REW= QNH*ARW

_ PRINT 210+ HI+ AFQP, AFB, REB. RFW

785
786
787
788

789
790

*xx TO PRINT *x' MENTIONED ABQVE
IF(J.NE.3) GO TO 800

PRINT 220

GO 10 800

**%x 7O PRINT THE REASON WHY THFRF IS NO SOLUTION
NER

GO To 790

J= 5

GO Tn 790

J= 6

GO Tn 790

J= 7

GO Tn 790

J= 8§

PRINT 230+ HI
IF(J.EG.%) PRINT 240
IF(4.EQ.,5) PRINT 241
IF(J.EQ.6) PRINT 242
IF(J.EQ.7) PRINT 243
IF(u.EQ.8) PRINT 244
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ang

900

_**x SET HI To HIO

*x%x TMCREASE HI
HI= HI+«1

*%%x G0 BACK TO. CALCULATE MORE QUTPUT

IF(HI.LE.HIO+1495) GO TO 320

%% PRINT HEADING FOR FI TABLE
PRIMT 250

HI= WIO

xxx CALCULATE FI AND REYNOLDS NUMBER

AND PRINT THEM

REI= 5*%GN/(1.+HI/12.)

FI= .223/REI%%,25

PRINT 260+ HIv FI, REI

*x%x TNCREASE HI
HI= HI+.1

~#%x TO CALCULATE MORE OUTPUT AND 60 TO NFXT

949

SToP

IF FI TABLE IS DONE

DATA,

IF(HI~HI0=1.95) 900+300¢300

*x% 70 TAKFE COMPUTER MESSAGE OuT OF
LAST PRINTED PAGE

PRINT 270

END



S1=3/30 Q/NH= 44950F 03
HI FB+2HxFUW FB " RER RE W
18,1 T 2.643F-n1  1.373E-01 5.572F 03 7.R83%F 02
18,2 2.650F=-n1 1,372E-01 2.5A4F n3 7.867F 02
18,3 2.,656F=01 1,371E-01 ?.556F n3 7.851F 02
18.4 2,663E=01 1.371E-01 2.548F n3 7.83ufF 02
18.5 2.,670F=~n1 1.,270E=-n1 2.539¢ 03 7.818F 0Nz
18.6 2.,67T7E~N1 1,369E-01 2.531F 03 7.802F 02
18,7 2,680F~n1 1.368E-01 = 2.523g 03 7.786F 02
18,8 2.,691g=~n1 1.,367E-01 2.515F 03 ~ 7.770F 02
18,9  2.698FE=n1 1,367E=n1 2.507F 03 7.754F 02
19,0 2,705g=01 1.366E~-n1 2.500F 03  7.738F 02
19.1 "2.T12E~01 1.365E=01 2,492 n3 7.722F 02
19.2 2.719F=-n1 . 1.,364E-p1 2. 484F 3 7.707F 02
T19.3 T 2,.726E-ni "1.,363E-01  2.47aF 03 7.691F 0P
19.4 2.733€=n1 1.3632E~-01 2.469F 03 7.675F 02
19.5 2.740F=n1 1.362E=n1 2.461F n3 7.459¢ 02
19,6 2.74TE=nN1 1.361E=01 2.453F 3 7.643F 02
19,7 2.754F =01 1,361E-n1 P.U46F 063 7.628F N2
19.8 2.7T61F=n1 1.360E-01 2.438F N3 7.612F 02
T19.9 T 2,768E~n1  1,359E-01 < 2.431f n3 7.596F 02
20.0 2sT75E=~n1 1,358E-01 2.423 n3 7.581F 02
HI FI RET
18, T T3 979E-02 " 9_.867F N2
18.2 3.,982E=02 _9.A34F 02
18.3 3,985E-02 - 9,.802F 02
18.4 3,989E~02 ~9.770F 02
18,5 3,992E-02 9,.738F 02
18.6 3.995E-0n2 9.706F 02
18.7 T T%.,399€E-02 9,674F 02
18.8 4,002E-02 S.643F N2
18.9 4,008E-02 9.A12F G2
19.0 4,00RE-02 9.581F 0?2
19,1 4,011E=-02 9,.550F 02
19.2 4,015E-02 9.519F 02
19,3 T 4,018E~n2 T T 9,.489F n2
19.4 4,021E=n2 9.459F 02
19.5 4,C24E=02 ) 9 _429F 02
19.6€ 4,028E=02 9.399F 02
19.7 4,031E-n2 9.369F 02
19.8 4, 034E=-n2 o,340F N2
19.9 - TYW,0%7E-02 T T T9.310F 02
20.0 4,040E=02 . 9.281F 02

164




APPENDIX C
COMPUTER PROGRAM "STRAFLOW"

This program is to calculate profiles of the interface and the free sur-
face of the two-layered flow, using 4th-order Milne predictor-corrector
method. This 1s written in WATFIV. Generally, comments will precede
statements, except for GO TO statements.

Symbols

"o" in variables usually indicates initial values. "N" in variables in-
dicates non-dimensionalized variables. Variables of length is written
in feet. If "I" is included in the variables, they are in inches.

ACC = exponent in "UP" (see below), which is the upper limit to be used
to determine an integration interval ("DN" is the lower 1imit).;

BETA = momentum coefficient;

BF = FACTOR/BETA;

DELTA = ODELTA/MHC**3 for method 1;

DTDH = difference between the total depth and the horizontal drawn through
the free surface at the starting point;

DX = an integration intervals

FACTOR = .125*%FB/SB for the S and M profiles and = .125*FB for the

H profile;

FB = bottom friction factor;

FI = MFI*OFI, in which MFI is substituted by trial and error;

GHN = virtual stratified normal depth;

H = depth of the lower layer;

HC2 = MHC*OHC2, in which MHC is substituted by trial and error;

HP = s1opé of the interface;

ODELTA = Ao/p calculated from T1 and T2;

OFI = originally estimated interfacial friction factor;
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OHC2 = stratified critical depth far the lower layer analysis calculat-
ed according to the definition (see'undeﬁ statement number 300 in the
program. 32.17 is the value of gravitational acceleration in ft/sec2.);
Q = flow rate, in cfs;

SB slope of the channel bottom;

T1 mean temperature in the upper layer ("C" in Celsius and "F" 1in
Fahrenheit);

T2 = mean temperature in the lower layer;

TD = total depth of the flow;

TDFAC = 1in method 1, .125*FI*DELTA/SB for the M and S profiles and =
.125*FI*DELTA for the H prdfile. For method 2, the above TDFAC 1is
divided'by BETA;

X = 1ongitud1na1 distance from a starting point; and

XF = 1imit of X to terminate a calculation;

1

I

Data Card Specification

1st card is for profile identification, as S1-3/30, punched from the 1st
column. 1st column indicates the slope-M, S, or H. 2nd column is either
1, 2,, or 3. Any identification can be put in from column 3 to 7.

2nd card includes DX0, FB, HOI, TDOI, and OFI in FORMAT (5E10.3).

3rd card includes SB, TC{1) = T1 in Celsius, TC(2) = T2 in Celsius, Q,
ODELTA, and OHCI in FORMAT (6E10.3). If OHCI is not known, let it be 0,
and it will be calculated.

4th card shows method, either 1 or 2. When going to next data, let method
be 0.

5th card includes either MHC or BETA, depending on the method. Initial
value, limit value, and increment are punched in FORMAT (3E10.3).

If only one value is used, it may be punched at the initial value; if a
value smaller than that value is used for the limit value in this case,
increment should be zero.

6th card includes MFI in a similar way to the 5th card.
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/PROGRAM STRAFLOWWNOEXT

o
€ _ _x¥x DECLARATIONS AND INITIALIZATIONS
CHARACTER SLOPEx1s+ IDENTx1. DATExS '
INTEGER PROFIL = ]
REAL. MFIs MFIGs MFTLs MFTD, MHC, MHCO, MHCL. MHCD,
i XF/1000e/
2 AA(4)/e5442928932¢1.7071074.1666667/,
3 BB(4)/1.+,292893241.7071N7..3333333/.
4 CC(4)/+5+.2928932+1,707107+,5/ ,
DIMFNSION Y(5¢3)s YP(5+3)s YOUT(3)e YPOUT(3).
1 GHNNC (5)s QQ(3)e TC(2)s TF(2)a
2 PRED(3)y COR(3), PMC(3) ;
DATA (YP(Ks1l)e K=1,5)/5%1.7
o

TUC T 7T wxx | IST OF FORMATS
- 100 FORMAT(Al1+A1+AS5.F4,1)

110 FORMAT(SE10.376£10.3)
120 FORMAT(I1)

130 FORMAT(3E10.3/3F10.3)
200 FORMAT_( 1y '//[///,_'.,__4'_ )

501 FORMAT(Y /v vy
202 FORMAT(' *«T13+A1¢A1+A5)

503 FORMAT('+*+T250vACC="+Fl 1)
o0l FOPMAT(*+*+T65¢ *METHOD "471)

510 FORMAT (004 T1Z, 9 T1z®4F5,1,7C=? FRele'F*eTA5,'T2="
tF5.11'C=*1FS5.1¢'F*¢T61+'Q="¢1PF10.3

TS VN T13y'SB="vE10.3¢T35+'FB="+E10.3
v TS6+'ODELTA="+E20.3

+£ O N

/% V4T139YOHC2IZ"+F10.3+4T35+1'0FI="*4F10.3)
250 FORMAT(Y+%4T52¢1¢125%FB/SR=*+1PE10.3)

221 FORMAT(94',T55¢1.155%FB=" ¢v1PE1N.3)
530 FORMAT(®0®+T13+'HC2I="41PE10.3+TA7 ¢ 'MHC="40PF6.3)

531 FORMAT( ¥ "1 783+ HC2="+v1PE10.3)
532 FORMAT(*+%+T57+ tDELTA=*v1PE10.3)

5%3 FORMAT(*+9+1T62¢ BETA=VFA.3)
5%5 FORMAT("+*,T102,"'HC2/SB=*,1PE1N,3)

0% FORPMAT('+t.T121,'BF="+1PE10.3)
227 FORMAT('+*+T7106,°'BF="+1PFE10.3)

S0 FORFEAT(Y0 Vv T13+ 'FI='v1PE10,3T37+*MFI="'¢nPF6.3)
541 FORMAT( '+ TS574FI/FB='41PE10.3)

250 FORMAT( 10 o T17 40X (T27 4 VHI* ¢ T3A4*GHNI 'y T4A* TDI®

1 0T58v'HP'oT67o'DTDHI'vTRZLLX@L}T98-'HN'
2 W T107+ "GHNNY e T117+ " TDN"+ T1284 "HPN' /)
551 FAPMAT(P0*eT170eX?eT300 HT 1 T42+¢TOI*+T564'HP*
e g e G T VOTOAT VG TBT ¢ VXN (7101, *HN? 4 T1134 *TON' /)

167



260 FORMAT(' "+T15+'HALVED TINTERYVAL OX= *+1PE1N.4
1 '+ T85¢ 'HALVED INTERVAL DNXNE *E10.4)
261 FORMAT(' "+T715+'DOUBLED TNTERVAL DX= ' 1PE10 .4
o 1 -TBJs'DOUBLEn INTERVAL DXMN= *3sE10.4)
270 FORNMAT(' *+T12+1P4F10.3+1E11.3,E10.2
1 WT834F9:¢3¢1Xe3E10,3+F11.3)

271 FORMAT('
280 FORMAT(*
281 FORMAT("

'eTIe1PUEL13.39E12.29TR3+EL9.3+41X+2E13%,3)
*eT159'H APPROACHES GHN')
*+T15« INTERFACE BECNHMES HORIZOMTAL )

282 FORMAT(®

1
283
284

FORMAT(?
FORMAT(?

*+T15+*SIGN OF TNTERFACTAL SLOPF !

'IS CHANGED'")

*eT15+ ' XF="+1PF10.3¢* IS EXCEERBED')
"+T15+tH BECOMES NEGATIVE")

'+ T15«'H EXCEEDS ToTar nEPTH'Y
* 2 T1S« ¢ INTERFACF RECHOMER TOO STEFP)
'+ T15¢'FRFE SHRFACE RECOMES T0OO STEFP') .
leS-'GHN CURE RECOMES NEGATIVF')
"eT15¢¢IT IS MO LONGFR A *eA1 M
PROFILE FROM THTYS POINTY®) N
'"+T15¢'CONTINUE TO THE REXT PAGFe)
"eT15+'CONTINUED FROM THE PREVIOUS PAGE'/)

FORMAT(*
FORMAT(*
FORMAT(?
FORMAT(?
289 FORMAT('

1 ¢ ?
290 FORMAT(®
291 FORpMATI(?®

285
28F
- 2R7
288

292 FORMAT(®
299 FORMAT('1'+"

"+T15+'COMPUTATION IS TERMINATFED®)
')

C
C . - - - PR —
c *%x% READ PROFILE IDENTIFICATION
200 READ 100' SLOPE, IDENT. nATFv ACC

*xkx TO TERMINATFE COMPUTATION
IF(SI OPELEQ.'F*)Y Gpo TO 2600
xx% READ DATA )
REAN 110+ DX0e FBe HOIy TDOT.
1l "~ SBy TC(1l)s TC(2)., Q,
*%xx TC GIVE ILDEX

e

Cc
OFTQ

ONELTA, OHCI

T IF(SLOPE.CQ.*M7)y PROFIL= 1
IF(SLOPE.EQ.'S") PRNFIL= 1

IF(SLOPE;E”. 'Hlﬁ) PROFIL: 2

IF(SL OPF.EQ.'M? ,AND.IDENT.EQe?1 ")
IF(S{ OPEWEQe*M' ,ANG+IDENT.EQ.'2")
1F(qaoPE EQ.'Me, AND  IDENT. EQ.L}}[
1)
IF(SIOPE EQ.'S'.AND IDENT EQ.*27)
IF(SI OPFEG."S' ANDIDENT.EQ. 3"
IF(SLOPSCQ."H* JAND.IOENT.EG."1")
IF(SI OPE+EQR"H' JAND«IDENT.EQ.*2")
xxx TO CALCULATE OHCI

NOMPRO=
NOMPRO=
NOMPRO=
NOMPRO=
MOMPRO=
NOMPRO=
NOMPRO=
NOMPRO=

m-qa\uxckx\rw

TIF(OHCTLWEN.0.) OHCI=

1 #*.3333333)
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OO0

xx%x TO DETERMINE UPPER AND LOWFR LIMIT FOR

TEST IN THE PREDICTOR-CORRECTOR METHODN
UP= 29./10.%*%ACC

c

o0

oo

o]

DN= 11P/600.
*%*% TO CONVERT TEMPERATURE FRoM CELSTUS.

TO FAHRENHETIT T -
GO 310 II=142

210 TF(IT)= 1.8xTC(TI)+32,

x¥%x TQ BE USED TO SKIP PRINTING DATA

x*x 7O BE USED 70 PRINT OUTPUT FROM ROTH METHONS

IP= 0

TN ONE PAGE WHEN OUTPUT TS SHORT
IPWP= O

x%%x READ METHOD.

350

"REAN 120+ METHOD

*xx GO TC NEXT DATA o
IF(MFTHOD.EQ.0) GO TO 300
xkx PRINT PROFILE TODENTIFICATIOM AND METHOD
IF(IPWP.EQ.1) GO To 351

PRINT 200
PRINT 202, SLOPE.+ IDENTs DATE
PRINT 203+« ACC

PRINT 204, METHOD

G0 T0 352

- x51. PRINT 201

c

PRINT 202+ SLOPEs TDENTs DATF

352 IF(TP.NE.0) GO TO 370

1

2

PRINT 204« METHOD

xxx PRINT DATA

PRINT 210 TC(1)s TF(1l)e TC(2)s TF(2)e @y

7 'sBs FB, ODELTA,
OHCI, OFI

00O

IP= 1

uHILE CHANCING MHC(BETA) AND MFT

" OHC= O0HCI/12.

255

360

FACTOR= +125*FB

“IF(PROFILVEQ.1) GO TO 360

PRINT 221+ FACTOR

DO 355 K=1+5

GHNNC(K)= 0,
G0 TO 370
FACToR= FACTQOR/SB

PRINT 220« FACTOR
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370

IF(MFTHOD.FR.2) Go T0 38
x*xk READ MHC AND MFI FOR METHOD 1
“ngnnlégj MHCOs MHCLe MHCD.

1  MFI0y MFILe MFID

340

MHC= MHCO

GO Tn 390

*%x READ BETA AND MFI FOR METHOD 2
READ 130+ BFTAO. BETAL+ BETAD,

1 MFI0« MFILs MFID

390

uno

w10

00

BETA= BETAO
FY0= MFI0*0FI

*kx FOR NEW MHC OR BETA., CHANGF yARIABLESQ

RELATEN TO WC AND PRIFT THFM AND
NON=-DIMENSIONALISE VARIARLES RELATED TO 1 ENGTH

ETE ETO -
MFI= MFIO o
IF(MFTHOD.F@.1) GO TO #ln
MHC= BETACR= BETA%%x.3333333
FACTOR= BF= FACTOR/BETA
HC= MHC*OHC

THCTI= 12.%HC

4>0

430

qun

450

HNO= HOI/HCI

TONA= TDOI/HCI

PRINT 230+ HCI+ MHC

PRINT 2314+ HC
IF(MFTHOD.EQ,.2) GO TO 42p
ODFELTA= OCELTA/MHCxx3
PRIKNT 232, UELTA

GO To 430

PRINT 233+ BETA
CELTA= ODELTA
IF(PROFIL.FQR,2) GO TO 440
XFAC= HC/SB '

DXM= DXO/XFAC

FRINT 235+ XFAC
IF(mFTHOD.EQ.1) GO TO 450
PRINT 2364+ BF - ) N
GO TO 450

DXt= DXOG/HC
IF(MFTHOD.EQ.,1) GO TO u45g
PRINT 237+ BF ~ T

**x% FOR NEW MFI, CHANGE VARTABLES RELATEN Yo
FI AND PRINT THEM
FRICSE FI/FB
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470 PRINT 240y FIe MFI

c
o

¢

CTDFAC= J125%FI*DELTA
IF(MFTHOD.EQ.2) GO TO 460
__IF(PROFIL.EW,2) GO TO 47p
TOFAc= TDFAC/SE

6O Tn 470

460 TDFAC= TDFAC/BETA

_IF(PROFIL.EQ,2) GO TO 47p
"~ TDFAac= TDFAC/SB

PRTNT 261, FRICS

_*%xx PRINT HFADING

- 60 TO 490
480 PRINT 251

IF(PROFIL.EG,2) GO TG 48g
PRINT 250

*kx GIVE INITIAL VALUES

490 Y(1.1)= 1.

*xx 70 BE USED TO COUNT THF LINEg OF PRINTED OUTPUT

Y(142)= HNO
Y(1.3)= TONO
HH= NXN

ILC= O

%% T0O BE USED TO COUNT THE NUMRFR OF MFSQAGF
TNDICATING INTERVAL CHANGE =

ILCM= O

60 TO 900

*x%x GO TO INTEGRATTION

*x% TO COMPUTE SLOPE OF INTERFACE(YP(K+2))

AND FREE SURFACE(YP(K«3))

500 IF(PROFIL.EQ,2) GO TO 519

FOR S AND M PROFILE

GHINC (K= FACTOR® (1+FRICS/(1e=Y(Ke2)/Y(Koa3)))

IF(GHNNC(K) oLTe0e) GO TO ARS8

YP(Ke2T= (Y (Ke2 ) %k%xZ=GHNNC (K)) /(Y (Ke2)%x3=-14.)

YP(K.S)- 1v+TDFAC/(Y(an)**z*(Y(KcX) =Y(K+2)))

"GO TO 520

FOR H PROFILE

g0 YP(K.2Y= FACTOR%(1.4FRTCS/(1.-Y(Ke2)/Y(K.Z) D)

TY¥P(Ke3)S TOFAC/(Y(K12V%x%2%(Y(Ke3)=Y(Ke2)))

520

1

/(1,=Y(Ks2)%%3)

x%k%x TO PRINT INITIAL VALUE%

"IF(TLC.EQ.0) GO YO 999

60 1O (910,920:950,960), L1

*x* GO BACK TO INTEGRATION

LAl



OO0

*x+ NIMENSTONALIZE VARIARLES AND PRINT O1TPUT

XN= YOUT(1)=1.
HN= YQUT(2)

HI= HN*HCI
Thh= YOUT(3)

TDI= TDN%HCI

HPN= YPOUT(2) S
IF(I1 CeEQ.N) HPNO= HPN
TDPN= YPOUT(3)

" IF(PROFIL.EQ.2) GO TO 610

A10

620

X= XmMxXFAC -

GHNN= GHNNCR*%*,3333333
GHMT= GHNN%HCI

HP= HPN=%xSB

DTDHT= TDI-TDOI-XN«HCI
IF(T1 C.EG,0) DTpHI= O,
PRINT 270+ Xo HT GHNIq TDI'NHPYWQIPHISWH_
1 ' XNe HNy GHNMy TDMN, HPN

GO 10 620

X= XN%xHC

DTDHT= TDI-TDOX

TPRINT 271+ Xy HT+ TDI« HPN, DTDHI

1 XNy HNe TON
LC= 1 k '
ILC= ILC+1

S

ILcT= ILC+ILCM

**x%x 70 GO TO PRINT IN THf NEXT PAGFE

IF(T1CT.EQ.38) GO TO 800

" A%k TO TERMINATF A PROFILF CALCULATION WHFN
TT IS PRINTED IN 2 PAGES

IF(TI CT.EQ.78) GO TO B840 '

Tx%xxk TESTS TO TERMINATE A CALCUI ATION ARD

709

GIVE THE REASON
IF(PROFIL.EQG,2) GO TO 71g
IF(ARS(HI/GHNI-1.000).LT..003) GO TO 830
IF(ARS(HPMN=1,000)etTe«001) GO TO 831
IF (HPMEHPNO JLT.Ce) GO TO A32
IF(X.6TXF) GO YO 833~~~ ~—~—~ 0T
IF(HI.LT.0.) GO TO 834
IF(HI.GT.TDI} GO To 835
IF(ARS(HP) «GT+1.E5) G50 TO &36
IF(aARS(TOPI) BT, 1.E5) 50 TO 837
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750

754

75¢€

- 758

740

762

764

720

300

a10
a20
830
a3zl
R332
A33
834
835
836

837

752

IF(HCIGE.HI.ANDHT.GE.GHNT) GO TO 790

G0 To 820

GO TO (7504752+75447564758+760+762+1764)

IF(HT«GE«GHNI«AND+GHNTZGF.HCI) GO TO 790
G0 Tn 839

WOMPRO

IF (GHNI.GE.HI+AND.HI.GE.HCI) GO TO 790
GO Tn 839
IF(GHNI«GEHCIsAND.
GO TO 839 7 _ , T,
IF(HTI«GE+HCTI e ANDeHCIGE«GHNT)
GO0 70 839

MCI+GE.HI) GO To 790

60 Tn 790

GO To 839

IF(HCT «GEeGHNT e AND«GHNI e GE4HT)
GO To 839
IF(HI.GE.HCI) Go To
60 TO_ 839
IF(HCIGE.HI)
GO Tn 839 -
GO To (910+940), L2

x**x 30 BACK TO INTEGRATIOHN
PRINT 290
PRInNT 200
PRINT 291
PRINT 202 IDE
PRINT 230+« HCIes MHC
PRINT 240 FIv MFI
1IF(PROFIL.FQ.2) GO TO
PRINT 250

60 TO 790

GO To

SLOPFs IDENTs DATE

810

PRINT 251
GO To (700.998). LcC
%% GO BACK TO CALCULATION AFTER HAVING CHAINGED

INTERVAL
PRINT 280

PRINT
GO TO
PRINT
GO TO
PRINT 283y
G0 Tn 850
PRINT 284
GO TO 850
PRINT 285
G0 To 850
PRINT 286
"GO0 TO 850
PRINT 287
60 To 850

— sia— et < ma £ e i e
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A3R PRINT 288 o o
60 Tn 850
A39 PRIKT 289s SLOPF« IDENT
o 60 Tn 850
840 PRINT 292 e
o xxx TO PRINT OUTPUT FROM ROTH METHODS
c Tii ONE PAGE WHEN OUTPUT TS SHORT
A50 IF(TLCT.LT.13) 60 10 870 ~
c
€ xx%x 70 CHANGE MFI
' NFI= MFI+MFID
FI= mFIxOFY ~— —~ ~—~ — 7 7
IF(MFILT.MFIL) GO TO 450
xx% TO CHANGE MHC pR BETA

KaXe)

" IF(MFTHOD.EQ.2) GO YO &60
MHC= MHC+MHCD
IF (MHC=MHCL) 400+400¢350
860 BETA= BETA+RETAD N
IF(RETA-BETAL) 400,400¢350

C

" 870 IPWP= 1 -
60 To 350 o B
c
C - - o
c **%x TNTEGRATION = 4gTH ORNER RUNGE-KUTTA METHOD
(o WITH GILL*S CONSTANT
€ xxx INITIALIZ2E Qa0
900 K= 1

DO 9n5 I=1+3
905 QO(TI= 0.

Li= 1
o Le= 1 ,
60 T0 S00

*%x% GO TO COMPUTE THE SLOPE OF INTERFACE

AND FREE SURFACE

e NeNeNe

x*%x TF K=4, GO 70 THE PREDTCTOR-CORRECTOR PART
910 IF(k.EQ.4) GO TO 930

DO 915 I=143
Y(KeT)= Y(K=1,T1)
YP(KeI)= YP(K=1,1)
J= 1

L2= 1

915




C *xx TF J=5+« GO TO SET THE oUTPUT OF THE INTERRATTION
920 IF(J.EQ.5) GO Tn 999
DO 925 1I=1+3

DD= HH*YP(K+1)
RR= AA(J)*DD~BB(J)%QG(T)
Y(KeT)= Y(K,I)+RR
925 QA(T)= QA(I)+3,%RR-CC(J)*ND

= J+1
e k1= >
GO To 500 '
€ *%% GO TO COMPUTE THE SLOPE OF INTERFACE
o AND FREE SURFACE oo T
C
C *%% TNTEGRATION = 4TH ORNER MILNE PREDICTNR-
c o CORRECTOR METHOD
e *xx INITIALIZE pMC o )
920 DO 935 I=2,3 o ~
935 PMC(T)= 0.
o MIL= 0
C
o *xx GET MODIFIED Y WITH pREDICTOR

940 K= §
Y(5.01)% Y(4e1)4HH
DO 945 I=2+3
PRED(I)= Y(141)+1.333333xHH* (2. %YP(2,1)_

1 aYP(3¢I)+2.%xYP(4,1))
945 Y (5 )?_RRED(I)-.95§§}72*PMC(I)

60 Tbé@o e
*x%%x G0 TO COMPUTE THE SLOPF OF INTERFACF
_AND FREE SURFACE =

nOOo0

%% GET IMPROVEN Y WITH CORRECTOR

950 DO 955 I=2+3
COR(T)I= Y(3eI)+HH/Z X (YP(Z41)
1 T A xYP (g e I)+YP(5,.1))
PMC(T1)= PRED(I)-COR(I) L
T 985 Y(5,T)= COR(IV+.0344828%PMC(I)

T x%k TEST IF THE INTEGRATION INTERVAL IS 0.K.
AMAX= 0.
DO 9857 I=2+3
TEST= ABS(1,.-PRED(I)/COR(T))
IF (AMAX.GE.TEST) GO TO 957
AMAX= TEST

957 CONTTNUE

IF(AMAX.GT.UP) GO TO 970

IF(AMAX.LT.DN) GO TO 980

o
_




*x*%% NO CHANGE IN INTERVAL

L1z 4
GO To 500

OO

960

*%x%x GO TO COMPUTE THE SLOPE OF INTERFACF
AND FREE SURFACE

xx%¥ NETERMINE Y AND YP FOR THE INTEGRATION OF
NEXT POINT

DO 945 I=1+3
DO 9A5 K=1+4

965

Y(KeT)= Y(K+1+1)
YP(K.I)= YP(K+1.1)

= 5K
MIL= 1

L2= o
GO TO0 999

c
c

*xx GO TO SET THE OUTPUT OF AN INTEGRATION

*xx HALVING INTERVAL
HH= .5%HH
INT= 1

GO To 990

3[40

982
985

¢

990

*%x CALCULATE DX

*xx 0 T0 CALCULATE DX
xx*% IF MIL=0. GO TO THE RUNGE=-KUTTA PART

IF(MIL.EG.0) GO TO 900

DO 975 I=1+3
Y(1¢1)= Y(4oI)
G0 T0o 90¢C

**% GO TO THE RUNGE-KUTTA PART

*xx NOUBLING INTERVAL
HH= 2. *HH
INT= 2

GO To 990 )

*+x GO T0 CALCULATE DX

U0 985 I=1+3

Y(161)= Y(301)

G0 TO 900 7
xx¥ G0 TO THE RUNGE-KUTTA PART

IF(PROFIL,EQ,2) GO TO 992
DX= HWHxXFAC
60 To 994

992 DX= HH*HC
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c **% PRINT CHANGED TNTERVAL
994 IF(INT.EQ.2) GO TO 996
~PRINT 260« DXs HH

GO To 997
996 PRINT 261+ DX+ HH -
c *x%x COUNT PRINTED ( INES
937 LC= » o B
ILCM= ILCM+1
L .o..Iiers nicsliem
C xxx TO GO TO NEXT PRINTING PAGF
, IF(T1CT.EQ.38) GO Y0 800
c *xkx TO TERMINATE COoMPUTATION OF A PROFILE
998 IF(TICT.EQ.82) GO TO 840 -
GO TN (972.982), INT
'€ x*%x 50 TO SET A STARTING VALUF FOR RUNGE-KUTTA PART
Cc
c **x TO SET THE OUTPUT OF AN TNTEGRATION
999 YOUT(1)= Y(K,1)
GHNNECB= GHNNC(K) - o

DO 1005 I=2+3

. YoUT(I)= YIK.I) o
© 11005 YPOUT(I)= YP(Ke1)
GO To 600 S
x*¥%x 0 TO PRINT THF OUTPuT

*xxx TO ELIMINATF COMPUTER MESSAGF OUT OF

I AST PRINTED PAGE
T 2000 PRINT 299
sTop
END

OO0 0
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