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Abstract

A semi-empirical correlation has been developed for adiabatic interfacial friction factors in a long
horizontal air-water countercurrent stratified flow conditions. Using a pipe and duct test sections, a
series of experiments have been conducted varying non-dimensional water depth and flow rates of
air. On the basis of simultaneous measurements of the main flow parameters in a horizontal pipe
and a duct, a semi-empirical correlation for the interfacial friction factor in a stratified flow regime
has been developed employing a new concept of surface roughness in wawy flow. A total of 201
data points, including 15 concurrent pipe flow test data of others, have been used in the present’
analysis. A comparison between the data and the predictions of the present correlation shows that
the agreement is within +30%.
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1. Introduction two-phase flow and system responses such as (1) the
condensationinduced waterhammer (CIWH) in a

The interfacial friction factor is one of the key flow long horizontal pipe, (2) two-phase flow pressure
parameters which is essential in the analysis of drops, and (3) flow transition criteria including the
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flooding point.

A number of attempts have been made to corre-
late the variation of the interfacial friction factor or
effective
parameters. However, with the exception of the
works reported by Kim et al [1] and Lee and
Bankoff [2] most of the existing studies on the
interfacial friction factor (f;) were performed almost

interface roughness with other flow

exclusively for concurrent flow conditions.

The most widely used existing correlations for
interfacial friction factor are summarized in Table 1:
Cheremisinoff and Davis [3] attempted to account
for the effect of interfacial waves on f: and proposed
two formulas, one for small amplitude waves and the
other for roll waves based on the measurements of
Miya et al. [4]. Lee and Bankoff [2] obtained an em-
pirical correlation of £ for rollwave regime
{(near-flooding) in nearly horizontal steam-water
countercurrent flow. Kim et al. [1] also give an adia-
batic interfacial friction factor for a nearly horizontal
countercurrent steam-saturated water flow in rec-
tangular channels (aspect ratio =5). Kowalski [5], on
the other hand, made direct measurements of the
Reynolds shear stress in the gas for horizontal strati-
fied flow in a pipe and recommended two different
equations for the interfacial friction factor for smooth
and wawy surfaces, respectively. Andritsos and
Hanratty [6] proposed two empirical correlations of
the measurements of fi/ f; employing the gas phase
velocity as a criterion.

From the abowe brief summary of existing
correlations for f, following observations can be
made:

(1) Most of the existing correlations of f consist of
two equations which are applicable for different
flow regimes depending on the flow conditions.

{2) Each correlation has different criteria for flow
regime transition.

With a few exception, the main finding from these
earlier studies has been that the interfacial friction
factor or interface roughness is a direct function of
the liquid film thickness and Reynolds number.

The main objective of the present work is to deter-
mine the adiabatic interfacial friction factor in hori-
stratified  flow

conditions based on the simultaneous measurements

zontal air-water countercurrent
of main flow parameters such as pressure drop, flow
velocities of air and water, and height of liquid in a
horizontal pipe and a duct. In addition, an outline of
the procedure used to derive a semi-empirical corre-
lation for air-water interface friction factor fi in a
stratified flow by making an analogy between the ef-
fect of surface roughness on f; in a pipe flow and
the effect of gas-water interface roughness on £ in a
waw flow along with the present experimental data is
presented here.

2. Experimental Method

A schematic diagram of experimental apparatus is
shown in Fig.1. It consists of an air-water fluid system
where the water and air circuits are combined to
form a countercurrent flow at the horizontal test sec-
tion. Major components of the experimental facility
are: (1) water surge tank, {2) air compressor, {3) two
horizontal test sections, one is made of transparent
acrdlic pipe (0.057 inside diameter and 8.28: in
length) and the other is a duct (0.1 X 0.1 cross sec-
tion and 7.98 in length), and (4) associated sensors
and devices to measure flow rates of air and water
and the pressure drop.

The water surge tank is installed to provide
enough head for water flowing by gravity. The inner
vessel installed inside the water surge tank maintains
constant head of water to prevent water flowing in
from riffling. The two reservoirs located at both sides
of the test section maintain steady state flow
conditions and absorb waves generated in the test
section.

The wolume flow rate of air was measured by two
pitot tube type flowmeters (OMEGA models
FPT—6310 and FPT—6320) with differential press-
ure transducers installed in series in the air line. The

wlume flow rate of water was calculated by



110

dJ. Korean Nuclear Society, Vol. 26, No. 1, March 1994

Table 1. Empirical Correlations for Interfacial Friction Factor

Authors Geometry Correlation
Cheremisinoff and fi=00142 (for small-amplitude waves)
Davs countercurrent £i=00008+2x107° Ret {for roll waves)
(1979) 3] duct flow Vi zD?
Ri=— L2
vl 4S;
Rs— R
i=0012+5.174x1074 —E_2&, for R, , (R,
Lee and countercurrent fi=0012+5.174x10 1000 (for €8 ( Re-g)
Bankoff duct flow _ _s( Ret ooy Reg™ Rig .
(1983 2] fi=0012+2694x1074 ( 1000 ) —i000 (for R, g)R; )
R;, = 1.837x10° R84
fi=096(R,) 7052 (for smooth surface}
Kowalskd concurrent fi=75x10"5(1—a) 025 R;03 RIS (for wavy surface)
(1984) (5] pipe flow . VgD YD . VD
Re,g Vg ) Re,g— Vg » Bel™ Vl
Kim et al. countercurrent it = 0560 105 -~
=0. x10™ +0.
(1985) [1] duct flow f Re.l
fi
—=1 (for V, < Vigo)
Andritsos and concurrent fe e et
Hanratty pipe flow fi H V.
i 05 B _
(1987) [6] 7, 1+15( 5 5 ( . 1) (for Vi) V)

wi=5( 22 112 7, -0046 R;02
P

4

measuring the time it takes to fill a 22.50 water re-
ceiver via a water outlet. The pressure drop of the air
between both ends of the test section was measured
by one of the two differential pressure transducers
(3 H:0 and 10”7 H:0) installed in parallel
depending on the experimental range. The
temperatures of water and air were also measured by
means of two thermocouples installed at the water
surge tank and the air reservoir, respectively. The
measured temperature range was 9~16T in the
present work. Measurements of the water depth were
made by the rulers attached to the test section (at 7
locations for the pipe test and 11 locations for the
duct test). For each preset experimental conditions,
the measurement was repeated five times to obfain

an average value.

The velocity of a surface wave, on the other hand,
was obtained by measuring the average traveling time
of the surface wave between the known distance of
the present test sections.

A series of experiments have been conducted
varying the nondimensional water depth (H, /D) from
104 to 0.785 and for various combinations of air
and water flow rates. The range of superficial water
velocity was 0.02~0.12m/s in the pipe test and
0.053~0.26m/s in the duct test. The range of super-
ficial air velocity, on the other hand, was 0.35~5.0m
/s in the pipe test and 0.2~7.5m/s in the duct test.
The actual air flow velocity was less than 13m/s, and
all the flow regimes of air were fully turbulent flow. A
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Fig. 1. Schematic Diagram of Experimental Apparatus

total of 201 data, i.e., 186 data points from the pres-
ent countercurrent flow test and 15 from the concur-
rent pipe flow experimental data reported by others,
have been used in the present analysis.

3. Functional Form For fi

An insight into a proper functional form for f: ap-
plicable for a horizontal air-water countercurrent
stratified flow can be obtained from the review of
existing correlations for f; and the general theory of

surface wave.

3.1. Existing Correlations for f; that Include
Relative Wall Roughness

Among the various models that have been
proposed for f;, the most simple approximate
equation which includes the effect of surface rough-
ness in the Blasius formula is given by Altshul [7]

fe = 44-[0.11(:‘.., + —R&i’—)”‘] 1)

Equation (1) is applicable for a stabilized flow and
the region of purely turbulent flow in commercial cir-
cular tubes. When the surface roughness is domi-
nant, Eq.{1) reduces to

fe = Aloa1 (0)™) ()

where
tw = £u/Da

3.2. Relative Roughness of the Gas-Liquid
Interface

Both from the descriptions on the surface wave
behaviors reported by earlier workers [8, 9] and
intuitive reasoning from the qualitative
between the gas flow rate, the
amplitudes of the waves and the wavelengths, a gen-

some
relationships

eral expression for &; can be derived as follows:

(1) At relatively low gas velocity region ({5n1/s), the
wave number (k) is proportional to the power be-
tween —1 and —2 of the gas velocity (ie., k~

1/Vi2), whereas the wave amplitude (1) varies
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according to the square of the gas velocity (ie.,
no~V?2). Therefore, the gas-water interface rough-

ness (¢;) at low gas velocity can be expressed as

& ~kno~V5™! {At low gas velocity) (3)

(2) As the gas velocity becomes higher, the wave
number begins to vary according to the first
power of Vi At the highest gas velocity, both the
wave number and the wave amplitude become
eventually proportional to V3. For this case, there-
fore, &; can be expressed as

&,~kno~V$ (At the highest gas velocity)  (4)

(3) From the analysis and curve fitting of the wave
characteristics data obtained in the present exper-
iment, in particular, it is found that the minimum
value of the exponent of the gas velocity is
approximately 0.8 when V; reaches close to zero.

From the above qualitative relationships, it may be
inferred that &, can be expressed, in general, as

£; = V(,C*Z) (5)
where c+Z<4. That is, Eq.(5) states that &, varies as
VD where Z is also a function of the gas velocity.

Since k7o is a dimensionless quantity, Eq.(5) is
also transformed into a non-dimensional form as

follows :
e} = (bX) P (6)
where ¢+ X<4, and ¢ is defined as
. _ 8;’
g; = Dll (7)

In Eq.(6) X is a is a dimensionless velocity.

3.3. Assumptions and Analogy Between ¢, and &;

The tube roughness characterized by the ratio of
the depth of surface protrusions to the tube diameter
(i.e, &, = €./D,), may increase the effective friction
factor. In Moody’s chart [10], the effect of the rough-
ness depends on the pipe diameter.

Similarly, the air-water interface roughness can be

represented by the relative roughness of the interface
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(ie, &=&/D,). The relative roughness of the
interface, &;, on the other hand, can be described in
terms of the wave number (k) and wave amplitude
(n,) obtained from the theory of surface wave. As in
the case of the ¢, the interface roughness
characterized by &; may increase the effective
interfacial friction factor.

Based on the abowe observations,
assumptions are made here:

following

(1) The relative roughness of the air-water interface
(¢€}) in a stratified flow acts on the f analogously
to the relative wall roughness (¢} that gives rise
to a gasto-wall fricton factor (f2) whose value
depends on ¢&,/D, and Reynolds number in a
pipe flow.

(2) The relative roughness of the air-water interface
(¢7) can be described in terms of wave number

(k) and wave amplitude (5.} obtained from the

theory of surface wave as follows:

gk, (8)
3.4. Functional Form of the Present Correlation

Using the above assumptions, and substituting &;
given by Eq.(6) into Eq.(2) for ¢, and replacing £ by
£, the final functional form for f can be obtained:

fi = a (bX) @D (9)
and
c+X < 4.
The constants &, b, and ¢, and the dimensionless vel-
ocity X in Eq.9) can be determined using the
combined method of dimensional analysis, curve fit-

ting of experimental data, and a numerous repetition
of trial and error.

4. Analysis of Experimental Data and Final
“Correlation for f

4.1. An Expression for f; from the Momentum
Equation
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The momentum balance for fully developed
air-water countercurrent stratified flow for the gas
phase is given by

At(%) = 1g S' + 1 S ’10)
As can be seen in Fig.2, Eq.(10) represents a bal-

ance between the pressure forces on the gas space
and the resisting stresses at the gas-wall boundary, t,,

and at the gas-liquid interface, ;. The stresses t, and

1; can be expressed in terms of friction factors

= A feed Vi (1)

Ti = % fiog V3 (12)

where V, is the mean air velocity and V, is the rela-

tive velocity defined by

Ve = Ve £V, (13)

In Eq.(13), the positive sign is for air-water
countercurrent flow and the negative sign is for con-
current flow.

Assuming that the gas-phase pressure drop is
linearly proportional to the length of the pipe (or

duct), Eq.(10) can be rewritten as

A[( ) = g Sg + 1 S (14)

— -
R '
Air . .
- ! ' He
T L —
NP
PN ]
p
Water v Ti ' H,
: h
[
—-——

{a) Conirot Volumes for Mass, Momentum,
and Energy Balances

HY. Nam and M.H. Chun 113

Substituting Egs.(11) and (12) into Eq.(14) and solv-
ing for fi

fi = ( 2A, AP
! S:V? Pel

The gas-to-wall friction factor, fi, to be used in Eq.
(15) has been determined from the present exper-

- fr Se VE) (15)

iment performed with air only and the definition of
the skin-friction coefficient C;:
Cr=dfe - AF

(L )( p,V() (16)

An empirical correlation for f, that is applicable for
the present test conditions, has been obtained by
means of curveitting as shown in Fig.3. For both
pipe and duct test sections, the empirical correlation
for f;is given by

fe = 00605 RS2

(for pipe) (17a)

fo = 00650 R:3Z (for duct) (17b)

for gas Reynolds numbers between 3x10* and 6 X
10% The Blasius relation shown in Fig.3 is given by

fo= G =05 R0 -

= 0079 RZ® (18)

Equation (18) gives the turbulent friction factor for a
smooth tube and applicable for R. , < 30,000.

Sg

Ag

2

U,
///M///%//f// i

/

\

5

{b) Stratified Flow Geometry in a Pipe

Fig. 2. Model Used for Analysis of Interfacial Friction Factor
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As can be seen in Fig.3, Eq.(17a) gives slightly
smaller values of f; than the Blasius relation when R.,
is less than 10% whereas Eq.(17a) predicts slightly
larger values of f; than Eq.(18) for R, > 10%

Equation (15) is used to obtain experimental
values of the interfacial friction factor, { f)e,, from the
simultaneous measurements of the major flow
parameters such as AP, V, V, and liquid depth
along with flow geometries of A, S,, S; and L.

4.2. Measurements of Wave Characteristics for &;

In the gas-liquid stratified flow, £ may be strongly
influenced by the relative roughness of interface due
to surface waves and the Reynolds number of the
gas phase. The relative interface roughness, &;, on
the other hand, is assumed to be given by Eq.(8):

gf ~ kN, = —Z{L']o (19)

In an effort to investigate the wave characteristics

0.025
: Duct teet (Run-d001)
 Duct test (Run-d002)
 Ouct test (Run-d003)
0.020 : Pipe test (Run-p001)
L : Pipe eet (Run-p002)
8 : Pipe est (Run-p003)
. B  Pipe test (Run-po0<)
= of . WRe,
~ 3 : 0.0790Re ™  (Biasius)
g 0.015 B : 0.0605Re,* % (for Pipe)
R [ - 0.0650Re*? (for Duct)
c po
2
B =
o« 0010 |-
§ L
B -
o
s [ -
S 0005 |- L
|
-
0000 141 ' lijlllll 'y L A Aial
10° 10* 10°

Gas Reynolds Number (Re.g)

Fig. 3. Gas Phase Friction Factor for Pipe and duct
Test Sections
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for &;, a total of 60 runs (i.e., 34 runs with a pipe
test section and 26 runs with a duct test section)
were made to measure the wave velocity (V,), the
wave length (1), and the wave amplitude (#,) at vari-
ous flow rates of air and water in the waw flow
regime. In fact, these wave parameters were obtained
during the measurements of major flow parameters
to determine the(f:)er, The results of the analysis of
experimental data are briefly summarized here:

(1) The wave velocity (V,) versus the relative air vel-

ocity can be represented by

Ve = 0042 V, + 012 (20)
Equation (20) shows that the wave velocity
increases as the relative velocity is increased.

(2) In the wawy flow regime, the dimensionless wave
length, /D, can be approximately expressed in
terms of dimensionless velocity and the Reynolds
number (based on V,) as follows:

A V. yom g Dii ) (21a)

D = WUBE)" R (< a
where

R, - Vr Ding (21b)

Ve

The plot of this curve, i.e, A/D versus the right
hand side of Eq.{21a) shows that the wave length
A varies from 0.3 to 2.5 times the pipe diameter
{or hydraulic diameter) in the wawy flow regime.
As the air velocity is increased, the flow regime
changes from a waw to a slug flow.

(3) As shown in Fig4, in the waw flow regime, the
variation of the wave height to wave length ratio
(n./1) can be represented by

-3 - 615107 (7:%)“ R% (D—’fﬁ’m)‘”@?)

Since it is assumed that & =kn, =2ny,/4, Eq.
{22) implies that the relative roughness of the
gas-liquid interface {&}) in a stratified wawy flow is
approximately proportional to the first power of
V, (or V,). As will be seen later, the functional

form of the right hand side of Eq.(22) is the one
that is used for the dimensionless velocity X in

Eq.(9).
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Fig. 4. Ratio of Wave Height to Length as a
Function of Dimensionless Air Velocity in
Waw Flow Regime in a Duct Test

4.3. Effect of Major Flow Parameters on /i

To examine the effect of major flow parameters on
£, a total of 186 runs (i.e., 89 runs with a pipe test
section and 97 runs with a duct test section) were
made. The experimentally determined values of {f)ey,
and (fi/fi)es, are plotted against the relative velocity,
V,, in Figs.5, 6, and 7.

It should be noted here that both the water depth
and the slope of the water level, in the present hori-
zontal air-water countercurrent stratified flow, not
only vary along the axial position of the test section
but also depend on the velocity of the air V,. There-
fore, the air velocity used in the analysis is the mean
value of the gas velocities calculated from the super-
ficial gas velocity at the points where water depths
are measured.

A brief summary of the effect of major flow
parameters on f: that can be found from Figs.5, 6,

008
P | o : DuctFow( Countercurent)
= | & : Pipe Flow( Couercurent)
g 0'07__ o Hanretty { Concurvent Pipe Flow )
e o A
5 b
‘g 0.06 °
w
c
s f
g oosf 8 o
w s oo o °
© L a o
0 L. °. %%°a
% OMt »A% o ]
E b ° H:AA%
- - © O
§ omp “e %
5 t oof. ©s0 8
E & oo o a
= - & oo
2 o002 N £,
g °UF .
p "’ 0
001 po¥BE > o 5 ¢
-
0.00 U E Y EVE RN SN BN

o} S 10 15 20
Relative Velocity (V,) ( m/sec)

Fig. 5. Effect of Relative Velocity on (f).
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= | 2,
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5 o0y, 2
o © o
o8
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o

%(ﬁbod;
oO

0 lilllllllllllllJll
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Fig. 6. Effect of Relative Velocity on (f /f)

and 7 is as follows:
(1) Effect of V, on {fi)ee and (fi/ fo)ew : Figures 5 and
6 show that both{f)., and (fi/foe, values in-
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crease slowly with increase in the relative velocity
until V, reaches about 5m/s, and beyond this
point, both values increase more rapidly as V,
increases. Figure 6 shows that beyond V, =5m1/s,
{#/ foden values jump from a value of about 3 to
the maximum value of about 11 when V,=12m
/s. This figure also shows that there are several
data points where (f/ fi)ew { 1. These data corre-
spond to the cases where the liquid depth is high
and V, is extremely small (less than 2m/s).

(2) Effect of Water Flow Rate on ()., :To examine
the effect of water flow rate on the (£, V, ver-
sus {fi)ey, curves have been plotted for three dif-
ferent levels of water flow rate as shown in Fig.7.
Although the water depth increases with increase
in water flow rate, in general, the water depth
does not vary linearly with water flow rate be-
cause of the dominant effect of air velocity. Fig-
ure 7 shows that when the relative velocity is
higher than about 5my/s, the interfacial friction
factor increases with increase in the water flow
rate for the same air velocity (or V,).

From the above results, one may conclude that the
most important flow parameter that influences the f;
is the gas velocity (or the relative velocity), and the
next important parameter is the geometry of the
liquid phase such as the liquid depth. The geometry

Experimental Interfacial Friction Factor (ue

Relative Velocity ( m/sec )

Fig. 7. Effect of Initial Water Flow Rate on (f).,,
(Duct Test)
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of the liquid phase, in the present work, is
represented by the liquid hydraulic diameter (D, )

where the liquid depth enters as a parameter.

4.4, Final Correlation for f

The functional form for f as given by Eq.9) is
expressed in terms of a single dimensionless variable
X and three constants. To determine the constants
and X in Eq.(9), one cannot use a simple method of
curvefitting alone, because the dimensionless vari-
able X appears also as an exponent in this equation.
Therefore, a numerous repetition of trial and error
has been used once the major parameters that con-
tribute to the f values are identified in the foregoing
analysis. That is, a number of different combinations
of dimensionless variables have been tested against
the present experimental data.

The final expression for f that gives the best
agreement with the present experimental data is
given by the following equations:

Doarr = 001(3X) (081N
where () ear

5. Summary and Conclusions

For the range of test parameters used in the pres-
ent experiment, a semi-empirical correlation for the
interfacial friction factor, based on the roughness in a
waw flow, can be expressed as Eqs.(23) and (24).

In Figs. 8 and 9, experimental values of the
interfacial friction factor {f)., obtained from both
pipe and duct experiments are compared with those
predicted by Eq{23), (/e Typical existing concur-
rent flow data reported by Hanratty are also shown
in Figs.8 and 9.

As can be seen in Fig9, the agreement between
the data and the predictions of the present corre-
lation, Eq.{(23), is within +30%. This result is fairly
good considering that errors of more than +30%
are possible even in the predictions of two-phase
flow pressure drop with well established existing
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Fig. 8. (f).,, versus Dimensionless Velocity X

correlations.

Thus, for the stratified wavy flow regime, the
semi-empirical correlation developed in the present
work can be used to predict the adiabatic interfacial
friction factors in horizontal air-water countercurrent
flow. In addition, the correlation proposed here can
readily be incorporated in a computer code package
which can provide the f values in the analysis of
two-phase flow and system response, eg., CIWH,

two-phase pressure drop, and flooding.
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Nomenclature

A flow area e

a a constant

Experimental Interfacial Friction Factor (PDexp

Fig. 9.
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o
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o
DAQ
0.0 o : Duct Flow ( Countercurrent )
/ & : Pipe Flow( Courercurrent )
a : Hanratty ( Concurrent Pipe Flow )
0.

o%.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

(f)oonr = 0.01 (3X)084304

Comparison of Experimental Values of
(f),,, with Those Predicted by Present
Correlation for Pipe and Duct Flow
a constant
a constant
skinfriction coefficient
diameter m
friction factor
gravitational acceleration, 9.80665 m’
depth m
length of pipe m
mass flow rate kg/s
pressure Pa
Reynolds number
perimeter m
velocity mfs
superficial gas velocity (V,, = mg,/p, A)  m/s

superficial liquid velocity (V,,=m,/p,A)  m/s
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V., wawe velocity m/s
X  dimensionless velocity

x  axal position m

Z  velocity m/s
Greek Symbols

o wid fraction radians
r  angle in Fig.2 m

¢  surface or interface roughness m

n, wave amplitude or height m

k  wave number mt

A wawe length m

v kinematic viscosity né/s
p  density kg/m?
T shear stress N/n#
Subscripts

corr correlation value
exp experimental value
g  gas or steam

h  hydraulic

¢ interfacial

ia adiabatic interfacial
I liquid

»  quantities defined in terms of relative value (V)
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w pipe wall

Superscripts

*dimensionless quantities
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