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1. Introduction

The expression of ‘two-phase flow’ is used to describe the imedus flow of a gas and a liquid, a gas and a
solid, two different liquids, or a liquid and a solid. Among these tgbéwo-phase flow, gas-liquid flow has the most
complexity due to the deformability and the compressibility of phases. Two-phase gas-liquid flow occurs
extensively throughout industries, such as solar collectors, tutmilars, reboilers, oil and geothermal wells, gas and
oil transport pipelines, process pipelines, sewage treatments, @figeheat exchangers, and condensers.

The knowledge of heat transfer in two-phase gas-liquid flownjgortant in these industrial applications for
economical design and optimized operation. There are plenty afgateexamples in industries which show how the
knowledge of heat transfer in two-phase flow is important.

As an example, since slug flow, which is one of the common flowrpatie two-phase gas-liquid flow, is
accompanied by oscillations in pipe temperature, the high pipetsvajerature results in ‘dryout’, which causes
damages in the chemical process equipments, convectional andrmahler generating systems, refrigeration plants
and other industrial devices (Hestroni et al., 1998a,b; Mosyak and Hestroni, 1999).

Another example is in the field of petroleum industry. The petroleum productimisas natural gas and crude oil,
are often collected and transported through pipelines located urader ea the ground. During transportation, many
pipelines carry a mixture of oil and gas. In the process offaataion, the knowledge of heat transfer is critical to
prevent gas hydrate and wax deposition blockages (see Fig. 1)ngeBultepair, replacement, abandonment, or extra
horsepower requirements (Kaminsky, 1999; Kim, 2000). Some examples exfahemical losses caused by the wax
deposition blockages cited by Fogler (2004) are: direct cost afviegnthe blockage from a sub-sea pipeline - $5
million; production downtime loss (in 40 days) - $25 million, and cost of oil platform abandoibasmo, UK) -$100
million.

Figure 1. Wax deposition blockage in pipelines; adopted
from Fogler (2004).
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The objectives of this tutorial are to briefly present the furadais of non-boiling heat transfer in two-phase gas-
liquid flow in pipes, review the available non-boiling heat trandé¢a and correlations that exist in the open literature,
and present an overview of the research that has been conduddhladma State University's Heat Transfer

Laboratory over the past several years on non-boiling, two-phaseater flow in vertical, horizontal, and inclined

pipes for a variety of flow patterns.
2. Nomenclature

A cross sectional area,’m

C constant value of the leading
coefficient in Egs. (62) and
(65), dimensionless

¢ specific heat at constant
pressure, kJ/KK

D inside diameter of a circular
tube, m

F modified Froude number in
Taitel and Dulker (1976) flow
map, Eq. (36), dimensionless

Fr Froude number, Eq. (28),
dimensionless

G mass flux or mass velocity,
kg/n?1s

g acceleration due to gravity,
m/s

h heat transfer coefficient,
W/mPK

h. heat transfer coefficient as if
liquid alone were flowing,
W/mPK

hrp overall two-phase heat transfer
coefficient, Eq. (52), W/RK

I current, A

i index of the finite-difference
grid points, in radial direction
start from the outside surface
of the tube, dimensionless

j index of the finite-difference
grid points, in peripheral
direction start from the top of
the tube and increasing
clockwise, dimensionless

K slip ratio, Eq. (13),
dimensionless

K wavy flow parameter in Taitel

and Dulker (1976) flow map,

Eq, (37), dimensionless

thermal conductivity, W/K

length, m

m constant exponent value on the
quality ratio term in Egs. (62)
and (65), dimensionless

m mass flow rate, kg/s or kg/min

Ng number of thermocouple
stations, Eqg. (52),
dimensionless

NtH number of finite-
difference sections in the
peripheral direction which is
equal to the number of

- x

thermocouples at each station,
dimensionless

Nu Nusselt number, Eq. (31),
dimensionless

n constant exponent value on the
void fraction ratio term in Egs.
(62) and (65), dimensionless

n given direction in Eqg. (39)

Pe Peclet number, Eq. (33),
dimensionless

Pr Prandtl number, Eqg. (32),
dimensionless

p constant exponent value on the
Prandtl number ratio term in
Egs. (62) and (65),
dimensionless

p pressure, Pa

pa atmospheric pressure, Pa

Q volume flow rate, rits

g constant exponent value on the
viscosity ratio term in Egs. (62)
and (65), dimensionless

g heat transfer rate, W

q" heat flux, W/n

R resistanceQ

R. liquid holdup or liquid fraction,
dimensionless

Re Reynolds numbedrm, /7Dy

dimensionless

Re liquid in-situ Reynolds
number, Eqg. (63),
dimensionless

Ren mixture Reynolds number
in Ueda and Hanaoka (1967),
dimensionless

Rerr  two-phase flow Reynolds
number, dimensionless
=Rey /@-a) in Chu and
Jones (1980)
=GgD/ue where Gis mass

flow rate of froth andi- =
(MwatertHair)/2 in Dusseau
(1968)

= Re;. + Reyg in Elamvaluthi and
Srinivas (1984) and Groothuis
and Hendal (1959)

r constant exponent value on the
inclination factor in Eq. (65),
dimensionless

r radial coordinate, m

ro inside radius of a tube, m

Ar incremental radius in the finite-
difference grid, m

St Stanton number, Eq. (34),
dimensionless

T dispersed bubble flow

parameter in Taitel and Dulker

(1976) flow map, Eqg. (35),

dimensionless

temperature, K

axial velocity, m/s

specific volume, riikg

Martinelli parameter,

dimensionless

Xt1 Martinelli parameter for
turbulent-turbulent flow [=((1-
X)%)*(Pc/pL)* A(ML/pe) .
dimensionless

X quality or dryness fraction, Eq.
(8), dimensionless

x distance from the inlet in Eq.
(50), m

z axial coordinate, m

Az length of element in the finite-
difference grid, m

Greek Symbols

o void fraction, dimensionless

y electrical resisivitypQm

A designates a difference when

used as a prefix

dynamic viscosity, Pa-s

two-phase frictional

multipliers, dimensionless

U ratio of two-phase to single-
phase heat transfer coefficients,
dimensionless

p density, kg/m

0 inclination angle of a pipe to
the horizontal, rad

Superscript
local mean

Subscripts

a momentum component in
pressure gradient

X< c -

S T

B bulk
CAL calculated
EXP  experimental

f frictional component in
pressure gradient

G gas phase

GO total mixture flow as gas

g heat generation

g gravitational component in
pressure gradient

H homogenous

IN inlet
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i index of the finite-difference m mixture B-S bubbly-slug transitional
grid points, in radial direction OUT  outlet flow (other combinations with
start from the outside surface r radial direction dashes are also transitional
of the tube, dimensionless ro atthe tube radius flows)

j index of the finite-difference SG superficial gas C churn flow
grid points, in peripheral SL superficial liquid F froth flow
direction start from the top of T total mixture flow H horizontal
the tube and increasing TP two-phase M mist flow
clockwise, dimensionless TPF  two-phase frictional S slug flow

k index of thermocouple station W wall V vertical
in test section Abbreviations W water

L liquid phase

. Lo A air or annular flow
LO total mixture flow as liquid B bubbly flow

3. Definitions of variables used in two-phase flow

In internal gas and liquid mixture flow, the gas and liquid are imlsameous motion inside the pipe. The resulting
two-phase flow is generally more complicated physically thanlesppigase flow. In addition to the usual inertia,
viscous, and pressure forces present in single-phase flow, twe-floas are also affected by interfacial tension
forces, the wetting characteristics of the liquid on the tubk ard the exchange of momentum between the liquid and
gas phases in the flow. Also, since the flow conditions in a pipealang its length, over its cross section, and with
time, the gas-liquid flow is an extremely complex three-dineraditransient problem. Thus, most researchers have
sought simplified descriptions of the problem which are both capzfbdnalysis and retain important features of the
flow. The descriptions, or definitions of variables, presented here isftbaé-dimensional flow (the flow conditions in
each phase only vary with distance along the tube) and it is peheapwst important and common method developed
for analyzing two-phase pressure drop and heat transfer.

The total mass flow rate through the tube is the sum of the mass tesiofahe two phases

M= g +my @

The following definitions for mass fluxes (or mass velocities) arenoomty used in the two-phase flow literature

G =1 @)
m

GL = TL (3)
m

G=— 4
A 4

where the total cross sectidh,is the sum of the cross-sections occupied by the gas and liquid phases

A=A +A (5)

The volume flow rates of ga®§) and liquid Q) are defined as

Qs = AsUs =G Vg ®)

Q =Au =G v @

The mass flow ratio (also often referred to as the mftithe gas flow rate to the total flow rate) is calléd t
‘quality’ or the ‘dryness fraction’ and is given by
m; _G
_G =-=G 8
m G ®)

X=

In a similar fashion, the value df- x = m_/mm is sometimes referred to as the ‘wetness fraction’.
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The void fraction is the ratio of the gas flow cross sectional artheettotal cross sectional area

a=2e

A ©

and the liquid fraction or liquid holdup is

—1—a=N
R =1-a : (10)

The superficial-phase velocities are the velocities thapltfases would have if they flowed alone in the pipe. The
gas superficial velocity is therefore defined as

Ugg = A G = GG Vo (11)

Ug = RSV ALLL G v, (12)
The ratio of the phase velocities or the velocity ratio as it is noralled is

K= u_G (13)
u_

whereK is often referred as the ‘slip ratio’. It is usually gredtan unity which means thag is usually greater than
U.
The mixture density is

Pm=aps+1-a)p (14)

The homogeneous density assumes both phases have the same ¥etotihgiving

1
Oy = (15)
" (X ps) + -1 pg
The mixture and homogeneous specific volumes are given as
_Xvg + K@-x)v,
= 16
m X+ K (@-X) (16)
Vy =X Vg + @-X)Vv, (17)

The static pressure gradient during two-phase upward inclioedrf a pipe at an angléto the horizontal is the
sum of the frictional, accelerational (momentum), and gravitational comfzoolpressure gradient

%:% +% +%
dz dz|; dz|, dz],
18
=dn , dp +d P, Sind *
dz|; dz|, "

The symbolAp;, is used to indicate a pressure rise between points 1 and 2 dlongpath, andz is the distance
between points 1 and 2. Hence,

_(%dp
Apy, = J-l P dz (19)
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The static pressure drop given by Eg. (18) can be expressed as
—Ap; = —AP; 12 = BPa12 ~BPg 12 (20)
The two-phase frictional pressure gradients are often expr@sdedms of a two-phase multiplier (two-phase

frictional pressure gradient = single phase frictional pressureegtadiwo-phase multiplier). The following two-phase
multipliers were defined by Lockhart and Martinelli (1949).

_ (dp/d2)1p

= dp/dds,, *
_ (dp/d2)p

% = (dp/d2) g #2

Lockhart and Martinelli proposed a useful parameter by relating the fricioesdure drop multiplierg.f and ¢é
to the parameteX > which is given by Eq. (23). This new parameter is referred to as thméllagarameter.

x2 = (dp/d9)g

23
(dp/d2) s @

f

For evaporating or condensing systems, it is often more conveniestate the two-phase frictional pressure
gradient to the frictional pressure gradient for a singlegHfaw at the same total mass velocity and with the phlysica

properties of the liquid or gas phase. Friedel (1979) proposddlliwveing two-phase multipliemfO and ¢éof0r this
case

_ (dp/d2)1p

ﬂfo B (dp/d2) f @9
_ (dp/d2)1p

%o = (dp/d2eg, (#)

In the literature, there are several definitions of Reynoldsbeurim two-phase gas-liquid flow. Among them, the
most commonly used one is the superficial liquid and gas Reynolds numbers. Theialigufet Reynolds number is
defined by assuming the liquid component flows alone

R%L = w (26)

He
and the superficial gas Reynolds number is similarly defined by assumingtbengponent flows alone

_xGD

Rey
¢ Mg

27)

In correlating two-phase flow friction factor data, at times Froude numshesed. Froude number is proportional to
(inertial force)/(gravitational force) and is used in moraemtransfer in general and open channel flow and wave and
surface behavior calculations in particular. It is normally defined in theafioly form

Fr=— (28)

whereL in Eq. (28) is the characteristic length. For pipe flounay be replaced Hy.
Heat transfer coefficient is described in general as
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o _kET/en),
Tw-Tse  Tw-Ts

(29)

Often, for the purpose of developing correlations, the ratio ofwthephase flow heat transfer coefficiehtp to
the single-phase liquid flow heat transfer coefficibpis presented as

p? =l (30)
hL

whereh, is the heat transfer coefficient as if the liquid alone were flowinkédrpipe.
Nusselt number is proportional to (total heat transfer)/(condutteat transfer) and is used in heat transfer in
general and forced convection calculations in particular. It is ngrhedined in the following form

Nu=— (31)

Prandtl number is proportional to (momentum diffusivity)/(thermé&uslivity) and is used in heat transfer in
general and free and forced convection calculations in particular. tnstydefined in the following form

Pr = & (32)

Peclet number is proportional to (bulk heat transfer)/(conduttdz transfer) and is used in heat transfer in
general and forced convection calculations in particular. It is dguiveoRePr. It is normally defined in the following
form

uD
Pe=—— 33
K/ pe (33)
Stanton number is proportional to (heat transfer)/(therngaity of fluid) and is used in heat transfer in general
and forced convection calculations in particular. It is equntaie NW(ReP). It is normally defined in the following
form

St=— (34)

In this section, the definitions of the basic variables usewbinboiling heat transfer in two-phase gas-liquid flow
in pipes were introduced. In the next section, the common gas-liquigpatterns (flow regimes) that typically appear
in upward vertical, horizontal, and slightly upward inclined pipesirtreduced. We will also review the flow maps
associated with these flow patterns that commonly appear in the ligeratu

4. Flow patterns and maps

For two-phase gas-liquid flow, the two phases form several conflmenpatterns or flow regimes due to the
simultaneous interaction by surface tension and gravity foiteese flow patterns decide the important characteristics
of two-phase gas-liquid flow. Thus, many studies have been conducted determination of flow patterns and the
development of flow maps.

In this section, the basic flow patterns in gas-liquid flow irtizal, horizontal, and slightly upward inclined pipes
are introduced. The flow maps that commonly appeared in the literaturecapeesisnted here.

4.1. Flow patterns

Whenever two fluids with different physical properties flow siaoéously in a pipe, there is a wide range of
possible flow patterns or flow regimes. By flow pattern, werrefeghe distribution of each phase relative to the other
phase. Important physical parameters in determining the flderpatre: (aurface tension— which keeps pipe walls
always wet and which tends to make small liquid drops and gamlbubbles spherical, and ®Gjavity — which (in a
non-vertical pipe) tends to pull the liquid to the bottom of the.piany investigators have attempted to predict the
flow pattern that will exist for various sets of conditions, amahy different names have been given to the various
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patterns. Of even more significance some of the more relbksure loss and heat transfer correlations rely on a
knowledge of existing flow pattern. In addition, in certain applications X@amele two-phase flow lines from offshore
platforms to on-shore facilities, increased concern has groyandiag the prediction of not only the flow pattern, but
expected liquid slug sizes.

There is no standardized procedure to determine flow patterfiewoiregimes because of their complexities.
Therefore, in this study, the definitions of main two-phase flowepas in vertical upward, horizontal, and slightly

upward inclined tubes primarily follow the classifications ofnie(1982) and Whalley (1996) which are well known
and widely used in the literature.

4.1.1. Vertical flow patterns

The common flow patterns for vertical upward flow, that is wheath phases are flowing upwards, in a circular
tube are illustrated in Fig. 2. As the qualityjs gradually increased from zero, the flow patterns obtained are:

Bubbly Slug Churn Annular  Wispy-Annular
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Figure 2. Flow patterns in vertical upward flow in a tube.

Bubbly flow: the gas (or vapor) bubbles are of approximately uniform size.

Slug flow: the gas flows as large bullet-shaped bubbles (there avesafme small gas bubbles distributed
throughout the liquid). This flow pattern sometimes is cafkdy flow.

Churn flow: highly unstable flow of an oscillatory nature; the liquid nearttibe wall continually pulses up and
down.

Annular flow: the liquid travels partly as an annular film on the wallstaf tube and partly as small drops
distributed in the gas which flows in the center of the tube.

Wispy-Annular flow : as the liquid flow rate is increased in annular flow, the concentration of drogsgagttore
increases; ultimately, droplet coalescence in the core leddsge lumps or streaks (wisp) of liquid in the
gas core. This flow pattern is characteristic of flows witgh mass flux and was proposed by Hewitt
(1982).

In addition, the wordFroth’ is sometimes used to describe a very finely divided and turbllebbly flow

approaching an emulsion, while on other occasions it is used to describe chy@Hiskolm, 1973).

4.1.2. Horizontal and slightly upward inclined flow patterns

Predictions of flow patterns for horizontal flow is a more diffi problem than for vertical flow. For horizontal
flow, the phases tend to separate due to differences in demsising a form of stratified flow to be very common.
This makes the heavier (liquid) phase tend to accumulate dtottom of the pipe. When the flow occurs in a pipe
inclined at some angle other than vertical or horizontal, the fldterpa take other forms. In these situations, a form of
slug flow is very common. The effect of gravity on the liquidgludes stratification. The common flow patterns for
horizontal and slightly upward inclined flows in a round tube are idtestrin Fig. 3. Flow patterns that appear here are
more complex than those in vertical flow because the gravitdtiorce acts normal to the direction of the flow rather
than parallel to it, as was the case for the vertical flow, and thisg@stifte asymmetry of the flow. As the qualityis
gradually increased from zero, the flow patterns obtained are:
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Figure 3. Flow patterns in horizontal and slightly upward
inclined flow in a tube.

Plug flow: the individual small gas bubbles have coalesced to produce long lwiube literature sometimes the
flow pattern observed at very low flow quality, prior to the plug flow, is refeiweasBubbly flow. In this
situation the gas bubbles tend to flow along the top of the tube.

Stratified flow: the gas-liquid interface is smooth. Note that this flow pattises not usually occur; the interface
is almost always wavy as in wavy flow.

Wavy flow: the wave amplitude increases as the gas velocity increases.

Slug flow: the wave amplitude is so large that the wave touches the top of the tube.

Dispersed Bubble flow many small gas bubbles are distributed uniformly acros®ittiee tube cross section
when the gas and liquid velocities are high.

Annular flow: similar to vertical annular flow except that the liquianfils much thicker at the bottom of the tube
than at the top.

The termintermittent flow is also used in the literature to refer to the presence ofguldgslug flows together.
Many researchers define other flow patterns, and nearly a hudifferent names have been used. Many of these are
merely alternative names, while others delineate minor difteie in the main flow patterns. The number of flow
patterns shown in Figs. 2 and 3 probably represent the minimum edrickensibly be defined. Further general details
can be found in Hewitt (1982).

4.2. Flow pattern determination

As suggested earlier it is important in the analysis of the tweeptiaw systems to classify the flow into a number
of ‘flow patterns’ or ‘flow regimes’. This helps in obtaining a qualitative urtdeding of the flow and will also lead to
better prediction methods for the various two-phase flow parasneferdetailed discussion of flow pattern
determination is given by Hewitt (1978).

The most straightforward way of determining the flow pattertoi®bserve the flow in a transparent tube, or
through a transparent window through the tube wall. However, the pkeeaasiten occur at too high a speed for clear
observation and high-speed photography or related techniques mustdbéJok®tunately, even with high speed
photography, it is not always possible to observe the structufe aivo-phase flow clearly, due to the complex light
refraction paths within the medium. In these cases X-ray photography caly bsefe.

The unreliability of photographic methods in certain applicationdduhsome researchers to seek other techniques
for flow pattern categorization. The most popular of these iagert a needle facing directly into the flow and to
measure the current from the tip of this needle, through thelhase flow, to the wall of the tube. The current is
displayed on an oscilloscope and the type of response is considdvedrépresentative of the flow pattern. For
example, if no contacts are made between the needle and theneathay assume a continuous gas core and, thus,
annular flow. High frequency interruptions of the current indicateble flow, and so on. Although the visual and
contact methods agree reasonably well, where the flow patteleaidy defined, discrepancies arise in the transition
regions. The X-ray photography method is, therefore more reliable in exantiagegregions.

Four other techniques that have shown some promise in the det@mafdlow pattern will be briefly introduced
here, refer to Hewitt (1978) for additional details: (a) Eechemical measurement of wall shear stress - in heated
two-phase flow, the wall shear stress measurements caratedirel flow pattern; (b) X-ray fluctuations — this method
uses the instantaneous measurement of void fraction, using absayption, as a means of defining the flow pattern;
(c) Analysis of pressure fluctuations — measurements of flilctupressure have been used to identify flow pattern;
and (d) Multi-beam X-ray method — this method has been effectigetermination of flow patterns in horizontal
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tubes, in this case the flow is asymmetric and the distribofimoid fraction can give important clues about the flow
pattern.

Due to multitude of flow patterns and the various interpretatimesrded to them by different investigators, the
general state of knowledge on flow patterns is unsatisfaatatyno uniform procedure exists at present for describing
and classifying them.

4.3. Flow pattern maps

Flow pattern map is an attempt, on a two-dimensional graph, toaseplae space into areas corresponding to the
various flow patterns. Simple flow pattern maps use the sansef@xall flow patterns and transitions. Complex flow
pattern maps use different axes for different transition regibne following are examples of some common flow
pattern maps in the literature.

4.3.1. Vertical flow pattern maps

The commonly recommended map for gas-liquid upward verticalifidive Hewitt and Roberts (1969) map. On
this map (Fig. 4), each coordinate is the superficial momentum fluxes for feeties phases. The Hewitt and Roberts
(1969) map works reasonably well for air-water and steamrvgtetems. However, the transitions between the
neighbor flow regimes appear as lines, which actually occur aveange of given coordinate terms. Thus, the
transitions should be rather interpreted as broad bands than as lineeyWie86; Kim, 2000).
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Figure 4. Hewitt and Roberts (1969) map for vertical flow.
4.3.2. Horizontal flow pattern maps

Taitel and Dulker (1976) introduced theoretical models for détémmtransition boundaries of five flow regimes
in horizontal and near horizontal two-phase gas-liquid flow. Teerthwas developed in dimensionless form, and the
flow regime boundaries were introduced as a function of four ridiroeless parameters. One is the Martinelli
parameterX, and the rest of them are defined as follows:

1
- |(dp/dZ)SL| 2 (35)
(P —pg)g cosd




Proceedings of ENCIT 2004 -- ABCM, Rio de Janeiro, Brazil, Now R&c. 03, 2004, Invited Lecture — CIT04-IL10

_ Pc Usg
F= (36)
PL ,OG \/D g cos@
1
K=F [—D “SLJZ =F R’ (37)
VL

The theoretically located transition boundaries between adjaegimes for horizontal tubes were shown as a
generalized two-dimensional map (see Fig. 5).

100+ : : E|= : : -
E ANNULAR-DISPERSED
C U|_|QU|D(SAD) s H DISPERSED BUBBLE(DB)
L |
N i——._\.\ -
L H \.
L ~~p
STRATIFIED WAVY(SW) T
K 102 100 o
E INTERMITTERNT (1) F
(O - 107
E e - .
r -
L iad STRATIFIED
vg SMOOTH(SS)
100 PV L TR, " b - R R
103 107 10" 10° 10! 10? 10° 104
X
Curve: A&B c D
Coordinate: Fvs X Kvs X Tvs X

Figure 5. Taitel and Dulker (1976) map for horizontal flow.

Weisman et al. (1979) studied the effects of fluid properties (ligsiwbsity, liquid density, interfacial tension, and
gas density) and pipe diameters [1.27cm to 5.08cm (0.5in to 2in) |.D.]Jephase flow patterns in horizontal pipes.
The flow pattern data resulted in an overall flow pattern mae [&g. 6) in terms afisg andus;, and dimensionless
correlations were introduced in order to predict the transition boundaries.
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Figure 6. Weisman et al. (1979) map for horizontal flow.
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Spedding and Nguyen (1980) provided flow regime maps for conditions Wertically downward to vertically
upward flow based on air-water flow data. Among 11 flow pattern papsded, the flow pattern map for horizontal
flow shows four main flow patterns (stratified flow, bubble and $llog, droplet flow and mixed flow) and further 13
flow pattern subdivisions of the main flow patterns (see Fig. 7).
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Figure 7. Spedding and Nguyen (1980) map for horizontal flow.

4.3.3. Slightly upward inclined flow pattern maps

Small tube inclination angles are common in industrial applicateud) as pipelines on the sea bed or passing
over hilly terrain. There are very few flow pattern datd #ow pattern maps available in the literature for tubes with
small angles of inclination. There are some data availablstéeply inclined tubes. However, most of the available
information is for vertical or horizontal tubes. The veryited available information on tubes with small angles of
inclination shows that inclination angle in certain cases does mt#uthe flow patterns. For example, the study of
Barnea et al. (1980) showed that the boundary of the stratifiedwittent transition changed dramatically with small
angles of inclination. In contrast, according to Hewitt (1982), the kaiexdof the intermittent—dispersed-bubble and
annular—intermittent transitions were not changed much with smglés of inclination. Later on in this paper we will
present some of the results of our study for upward inclinatigiesa of 2, 5°, and 7. Flow pattern maps for these
small inclination angles are not available in the literature.

5. Measurement techniques

In non-boiling heat transfer in two-phase flow in pipes there taee tparameters of significance. These include
pressure drop, void fraction, and heat transfer coefficient. & gbétion the types of methods employed for the
measurement of these primary parameters will be briefly discusseHiesvitt (1982) for further details.

5.1. Measurement of pressure drop

In two-phase flow, measurement of pressure drop presentalspificulties because of possible ambiguities of
the content of the lines joining the tapping points to the miggsdevice. Another problem is that of pressure drop
fluctuations, which tend to be quite large in two-phase systAmisrther area of difficulty is that of making pressure
drop measurements in heated systems, particularly sydtatrex¢ Joule-heated. Among the most important techniques
available for measuring pressure drop are:

(1) Pressure drop measurement using fluid/fluid manometers- to determine the pressure difference from the
manometer difference, the density of the fluid in the tappimeslimust be known. In practice, this means that the lines
must be filled with either single-phase gas or single-phgsélli Unfortunately, the content of the lines can become
two-phase by a variety of mechanisms such as: changes in préssureondensation or evaporation in the lines, or
pressure fluctuations in the tube. Generally improved pedioca can be obtained by purging the lines continuously
with liquid.
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(2) Pressure drop measurement using subtraction of signalsdm two locally mounted pressure transducers
— if a very rapid response is required, then this method is theeadipfe technique to use. The most obvious problem
with this method is that signals from two separate instrunsetdeing measured and subtracted, and this obviously
increases error. Special care has to be taken in caltptagntransducers and in ensuring that the outputs are properly
converted to the required pressure drop.

(3) Pressure drop measurement using differential pressurgansducers— the reluctance-type and strain-gauge-
type transducers are most often used in theses applicattose Types of transducers have a sensitivity of about 0.1%
to 0.3% full scale, a response time of about 10 to20@nd are very stable. Since differential pressure transdareers
operated with tapping lines, all the problems with tapping lines idesicin the context of manometers also apply in
this case.

5.2. Measurement of void fraction

In two-phase flow, void fraction measurement is important in the calculatipres$ure gradients and is relevant to
the calculation of the amount of liquid and gas present in &mysthere are numerous methods that have been
proposed for the measurement of void fractions. For practical gespthere are four main types of void fraction
measurement:

(1) Pipe-average measurementsthe average void fraction is required over a full section mé.ph convenient
and practical method for obtaining pipe-average measuremetite isse ofquick-closing valves In this method,
valves (which can be quickly and simultaneously operated) are placed at th@rzegind end of a section of pipe over
which the void fraction is to be determined. At the appropriate mirttee valves are actuated and the liquid phase
trapped in the pipe is drained and its volume measured. Since theohipe is known or can be estimated, the pipe-
average void fraction can be found. The valves can be linked miealyaor they can be operated by hand. For high
pressure systems, solenoid valves may be used.

(2) Cross-sectional average measurementsthe average void fraction is sought over a given pipe crotierse
This can be achieved by using traversable single-beam radétsmmption methods, multibeam radiation absorption
techniques, or neutron-scattering techniques.

(3) Chordal-average void fraction measurements- the average void fraction is measured across the diaafeter
a pipe. This type of measurement is usually achieved by means of radistiopteon methods.

(4) Local void fraction measurements— in this case void fraction is measured at a partiqdaition within the
pipe using local optical or electrical void probes. Usually, this void fradiartime average at a point.

5.3. Measurement of heat transfer coefficient

The heat transfer coefficient (defined as the ratio ofhiet flux from a surface to the difference between the
surface temperature and a suitably defined fluid bulk tempeyatuoé great importance in two-phase flow systems.
For non-boiling heat transfer in gas-liquid flow in pipes, the moseémed and practical method of heat transfer
coefficient measurement is the use difect electrical heating with external thermocouples In this method,
alternating or direct current is fed through low-resistaradd and current clamps to the test section, which, typically,
is a stainless steel tube through which the current passes. Thegemeeation in the tube is determined by the product
of the measured current that passes through the tube and the voltage drojhadotes The power may be distributed
nominally uniform if the wall thickness is uniform, but nonuniformatxand circumferential flux distributions are
possible through the use of variable wall thickness. Usually, thestatnpe is measured on the outside of the tube wall
with a thermocouple; the thermocouple junction is electricatylated from the tube wall, using an epoxy adhesive
with high thermal conductivity and electrical resistivity. Toeal inside tube wall temperature and the local peripheral
inside wall heat flux is then calculated from measurementiseobutside wall temperature, the heat generation within
the pipe wall, and the thermophysical properties of the pipe mlatekectrical resistivity and thermal conductivity).
From the local inside wall temperature, the local periphesatié wall heat flux, and the local bulk temperature, the
local peripheral heat transfer coefficient can be caledlahAn example of the application of this method is the finite-
difference based interactive computer program developed byaGéagl Zurigat (1991). A brief description of the
finite-difference formulation and the equations used in tlogram, and the program’s capabilities will be presented
next.

5.3.1. Finite difference formulation

The numerical solution of the conduction equation with internal hewtrggon and variable thermal conductivity
and electrical resistivity was based on the following assumptioreggdGdnd Zurigat, 1991):

1. Steady-state conditions exist.

2. Peripheral and radial wall conduction exists.

3. Axial conduction is negligible.

4. The electrical resistivity and thermal conductivity of the tube walfanctions of temperature.
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Based on the above assumptions, the expressions for calculation of the localatisielmperatures, heat flux, and
local and average peripheral heat transfer coefficients are twe swxt.

5.3.1.1. Calculation of the local inside wall temperature and the local iite wall heat flux

The heat balance on a segment of the tube wall at any particular stagfiemniby (see Fig. 8)
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Figure 8. Finite-difference grid arrangement (Ghajar and Zurigat, 1991).
Og =Ch+Gp +03+ 0, (38)
From Fourier’'s law of heat conduction in a given directipwe know that

g =k Ad_T (39)
dn

Now substituting Fourier's law and applying the finite-differerarentilation for the radiali) and peripheralj)
directions in Eq. (38), we obtain:

G, = (kij*+k1j) 2m(r, +Ar/2) Az (T —Tiogj)

40
. 2 Noy Ar (40)
|(H+|(..+ =T
2:(I,j i, ] 1)(AI’AZ)(I-I'I i,j 1) (41)
2 27t /Npy
qsz(ki,j+ki+Lj)277(ri -Ar/2) Az (Ti = Tivej) (42)
2 Ny Ar
-+ ko =T .
4:(k1,1 i,] l)(ArAZ)(TI'J 1] 1) (43)
2 271 /Ny
The heat generated in thejf elemental volume is given by:
Gy = I°R (44)
SubstitutingR=yI/ A and A= (27t / Nry) Ar into Eq. (44) gives:
6, = 12— =2 (45)

(277, Ny Ar

Substituting Egs. (40) to (43) and (45) into Eq. (38) and solvin@for gives:
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12 Y Nqpy 71(r; +Ar/2)
— 72 " (k. +k ) — 17
27, Ar (4 1) Ar Ny (T ~Tiay)
Ar N (r. —Ar/2
Tivaj =T =9 (ki j +k|+L,) H (T —Ti ) {(ki,j +ki+1j)(AerTH/)} (46)
Ar N
(k +klj 1) H ( i,j—1)

Equation (46) was used to calculate the temperature of the interior nodes equiiion, the thermal conductivity
and electrical resistivity of each node's control volume were detedngis a function of temperature from the following
equations for 316 stainless steel (Ghajar and Zurigat, 1991).

k =727+ 0.0038T (47)

y = 2767 + 002137 48)

whereT is in °F, k is in Btu/hr-ft°F, andyis in uQ-in. Once the local inside wall temperatures were calcufetea
Eq. (46), the local peripheral inside wall heat flux could be calculated freimetat balance equation [see Eq. (38)].

5.3.1.2. Calculation of the local peripheral and local average heat transfeoefficients

From the local inside wall temperature, the local periphersidé wall heat flux and the local bulk fluid
temperature, the local peripheral heat transfer coefficient couldlddated as follows:

h=q"/(Ty -Tg) (49)

Note that, in this analysis, it was assumed that the bulk ratope increases linearly in the pipe from the inlet to
the outlet according to the following equation:

Tg =Tin +(Tout —Tin) X/L (50)

The local average heat transfer coefficient at each stattatcislated by the following equation:

h = af('/ [(-TW)k _(TB)k] (51)
wherek is the index of a thermocouple station.
5.3.1.3. Overall mean heat transfer coefficient

The local average peripheral values for inside wall teatpee, inside wall heat flux, and heat transfer coefficient
were then obtained by averaging all the appropriate individual pecgdheral values at each axial location. The large
variation in the circumferential wall temperature distributiohich is typical for two-phase gas-liquid flow in vertical,
horizontal and slightly inclined tubes, leads to different traausfer coefficients depending on which circumferential
wall temperature was selected for calculations. In two-phase flow, in ordeettcome the unbalanced circumferential
heat transfer coefficient, Eq. (52) is recommended for caionladf the overall mean two-phase heat transfer
coefficient, hp.

hrp === > Iy (52)

whereNg; is the number of all thermocouple stations kiiglithe index of a thermocouple station.
5.3.2. Physical properties of the working fluids
The computer program developed by Ghajar and Zurigat (1991) atadata$ the pertinent fluid flow and heat

transfer dimensionless numbers. For this purpose the physical popéttie working fluids are needed. For example,
for non-boiling two-phase heat transfer in air-water flow in pipes, the physicalyropeelations provided in Table 1
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are recommended. Physical property expressions for other wollidg €an easily be incorporated into the computer
program.

Table 1. Physical properties of air and watjay (1978).
Equation for the Physical Property

Fluid (T = Temperature ifiF except where noted) Range of Validity & Accuracy
o (Ib/ft) = p/RT p <150 psi
wherep is in Ib/ft?, Tis in°R, and R = 53.34 Iby/Ib,,CR
Air ¢, (Btu/lbyF) = 7.546:10°T + 0.2401 -10sT<242,0.2%
4 (Ib/fthr) = -2.63%10°T 2 + 6.81%10°T + 0.03936 -10<T<242,0.1%
k (Btu/hiiftF) = -6.15410°T 2 + 2.59%10°T+ 0.01313 -10<T<242,0.2%
0 (Ib/ft%) = (2.10%10°T 2 — 1.30%10°T + 0.01602)  32<T<212,0.1%
(Btu/lo,OF) = 1.33%10°T 2— 3.37410°T + 1.018  32<T<212,0.3%
Water G

4 (Ib/ftr) = (1.20%10°T 2 + 3.86%10°T + 0.0946) 32<T<212,1.0%
k (Btu/hrftOF) = 4.72X10*T+ 0.3149 325T<212,02%

5.3.3. Data reduction

The computer program developed by Ghajar and Zurigat’'s (1991)stabeaused to reduce the experimental data
obtained for non-boiling two-phase heat transfer in gas-liquid flowpespunder uniform wall heat flux boundary
conditions. As will be discussed in the next section, at Oklahoma Statersity’'s Heat Transfer Laboratory, we have
used this computer program to reduce our air-water non-boilingttaeetfer experimental data. The data reduction
portion of the program reads a raw data file for a test run and then proceed®tm all the required calculations. The
results of the data reduction are saved in an output file &mptrticular test run. Figure 10 shows the data reduction
results for the case of air-water slug flow in a uniformlgtld horizontal pipe. As can be seen from Fig. 9, the output
file has four distinct sections to it. The first part of the outpoaviges a detailed summary of the specifics of a test run,
the second part gives the details of the pertinent heatdrassdl flow information at each thermocouple station, the
third part provides additional details at each thermocoupleostétiat is more suited for the development of heat
transfer correlations, and finally the forth and the last path@foutput gives information about the flow parameters
that are typically used in determination of flow patterns through estatbifsiw maps.

RUN NUVBER 4649
FLOW PATTERN. S
Air-Water Two-phase Heat Transfer
Test Date: 01-04-2004
SI UN'T VERSI ON

LI QU D VOLUMETRI C FLOW RATE : 1.351 [m3/ hr]
GAS  VOLUMETRIC FLOW RATE : 3.086 [mh3/hr]
LI QU D MASS FLOWRATE :  1351.36 [kg/hr]
GAS  MASS FLOW RATE : 4.777 [kg/hr]
LIQUD V_SL : 0.615 [nis]

GAS  V_SG : 1. 406 [n's]
ROOM  TEMPERATURE : 14.48 [

INLET TEMPERATURE : 13.36 [C]
QUTLET TEMPERATURE : 14.32 [

AVG REFERENCE GAGE PRESSURE : 26169.74 [Pa]

AVG LI QUI D RE_SL : 14670

AVG GAS  RE_SG : 3399

AVG LI QUI D PR : 8. 302

AVG GAS PR : 0.712

AVG LI QUI D DENSI TY : 1000. 3 [kg/ 3]
AVG GAS  DENSITY : 1.548 [kg/ m3]
AVG LI QUI D SPECI FI C HEAT  : 4.200 [kJ/kg-K]
AVG GAS  SPECIFIC HEAT 1.007 [kJ/kg-K]
AVG LI QUI D VI SCCSI TY : 116.92e-05 [ Pa-s]
AVG GAS VI SCCBI TY . 17.84e-06 [Pa-s]
AVG LI QUI D CONDUCTI VI TY : 0.592 [WmK]
AVG GAS  CONDUCTI VI TY . 25.24e-03 [WmK]
CURRENT TO TUBE : 460.51 [A]
VOLTAGE DROP | N TUBE : 3.56 [V]

AVG HEAT FLUX . 7089.12 [Wnt2]
Q= AVP*VALT . 1639.27 [W

Q= MC(T2 -T1) . 1512.20 [W

HEAT BALANCE ERROR : 9

7.75
QUTSI DE SURFACE TEMPERATURE OF TUBE [C]
6 7

1 2 3 4 5 8 9 10

1 16. 39 16. 94 17.01 17.13 17.19 17. 40 17. 46 17.70 17.60 17.85
2 16. 06 16. 22 16. 48 16. 61 16. 88 17.06 17.19 17.16 17.39 17.45
3 15.70 15. 90 16. 00 16.12 16.38 16. 35 16. 59 16.49 16.58 16.61
4 16. 04 16. 37 16.32 16. 70 16. 82 17. 04 17.23 17.23 17.28 17. 40
I NSI DE SURFACE TEMPERATURES [ (]

1 2 3 4 5 6 7 8 9 10
1 15.70 16. 26 16.33 16. 45 16.51 16.72 16.77 17.02 16.92 17.17
2 15.37 15.53 15.79 15.92 16. 20 16. 38 16.51 16. 47 16.70 16.76
3 15.01 15. 20 15. 30 15. 42 15. 68 15. 65 15. 89 15.79 15.88 15.90
4 15.35 15. 68 15. 63 16.01 16.13 16. 35 16.54 16.54 16.59 16.71

SUPERFI CI AL REYNOLDS NUMBER OF GAS AT THE | NSI DE TUBE WALL

1 2 3 4 5 6 7 8 9 10
1 3382 3377 3376 3375 3375 3373 3372 3370 3371 3369
2 3385 3384 3381 3380 3378 3376 3375 3375 3373 3372
3 3388 3387 3386 3385 3382 3383 3380 3381 3380 3380
4 3385 3382 3383 3379 3378 3376 3374 3374 3374 3373

Figure 9. Date reduction program’s output file for a test run.

SUPERFI CAL REYNOLDS NUMBER CF LI QU D AT THE | NSI DE TUBE WALL
8

1 2 3 4 5 6 9 10
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1 15406 15625 15655 15703 15725 15810 15832 15930 15890 15991
2 15274 15337 15441 15492 15601 15673 15725 15712 15803 15826
3 15130 15206 15245 15292 15397 15383 15480 15440 15474 15485
4 15265 15396 15376 15527 15574 15663 15739 15738 15759 15806
I NSI DE SURFACE HEAT FLUXES [Wnt2]
1 2 3 4 5 6 7 8 9 10
1 6639 6598 6603 6623 6645 6644 6661 6623 6658 6635
2 6686 6719 6695 6695 6681 6669 6674 6688 6656 6669
3 6739 6750 6752 6772 6764 6799 6788 6801 6808 6818
4 6689 6697 6718 6683 6691 6673 6668 6679 6672 6676
PERI PHERAL HEAT TRANSFER CCEFFI Cl ENT [ W nt2- K]
1 2 3 4 5 7 8 9 10
1 2911 2408 2424 2409 2448 2346 2383 2246 2415 2276
2 3433 3334 3064 3014 2780 2677 2639 2781 2622 2662
3 4251 4005 3990 3943 3577 3857 3547 3951 3967 4130
4 3471 3094 3325 2895 2865 2705 2599 2705 2746 2721
RUN NUMVBER 4649 conti nued
FLOW PATTERN: S
ST MJL[E-5 Pa-s] MJ G E-6 Pa-s] CP[ kJ/ kg- K] K[ W m K] RH] kg/ n'3]
Bul k wval | Bul k wval | Lgd Gas Lgd Gas(E-3) Lad Gas
1 118.23 112. 34 17.82 17.91 4.200 1.007 0.591 25.21 1000. 3 1. 550
2 117.94 111. 45 17.82 17.93 4.200 1.007 0.591 25.22 1000. 3 1. 550
3 117.65 111.17 17.83 17.93 4.200 1.007 0.591 25.22 1000. 3 1.549
4 117.36 110. 64 17.83 17.94 4.200 1.007 0.591 25.23 1000. 3 1.549
5 117.07 110. 14 17.84 17.95 4.200 1.007 0.591 25.24 1000. 3 1.548
6 116.78 109. 73 17.84 17. 96 4.200 1.007 0.592 25.25 1000. 3 1.548
7 116.49 109. 30 17.85 17. 96 4.200 1.007 0.592 25.25 1000. 3 1.547
8 116.21 109. 22 17.85 17.97 4.200 1.007 0.592 25.26 1000. 3 1.547
9 115.93 109. 04 17.85 17.97 4.199 1.007 0.592 25.27 1000. 2 1.546
10 115.64 108.72 17.86 17.97 4.199 1.007 0.592 25.27 1000. 2 1.546
ST XD RESL RESG PRL PRG MB/WL) MB/WG HI/HB HFLUX TB[Q TWC  HCOEFF NU_L
1 6.38 14508 3403 8.40 0.712 1.052 0. 995 0.685 6688 13.42 15.36 3456.3 162.98
2 15.50 14544 3402 8.38 0.712 1.058 0.994 0.601 6691 13.52 15.67 3110.4 146.64
3 24.61 14580 3401 8.36 0.712 1.058 0.994 0.608 6692 13.61 15.76 3104.9 146.34
4 33.73 14616 3400 8.34 0.712 1.061 0.994 0.611 6693 13.70 15.95 2976.0 140.23
5 42.84 14652 3400 8.31 0.712 1.063 0.994 0.684 6695 13.79 16.13 2866.4 135.04
6 51.96 14688 3399 8.29 0.712 1.064 0.994 0.608 6696 13.89 16.27 2803.9 132.06
7 61.08 14724 3398 8.27 0.712 1.066 0.993 0.672 6698 13.98 16.43 2732.8 128.69
8 70.19 14760 3397 8.25 0.712 1.064 0.994 0.569 6698 14.07 16.46 2807.1 132.16
9 79.31 14797 3396 8.22 0.712 1.063 0.994 0.609 6699 14.16 16.52 2838.1 133.58
10 88.42 14833 3395 8.20 0.712 1.064 0.994 0.551 6700 14.25 16.63 2813.5 132.39

RUN NUVBER 4649 conti nued
FLOW PATTERN: S
QUANTI TI ES OF MAI N PARAMETERS

I NCLI NATI ON ANGLE 2.000 [DEG
TOTAL MASS FLUX(Q):  617.775 [kg/ m2-s]
QUALI TY(x) : 0. 004
SLI P RATI O(K) : 1
VA D FRACTI ON( al pa) : 0

: 0

V_SL : 615 [ni's]
V_SG : 1.406 [nis]
RE_SL : 14670
RE_SG : 3399
RE_TP : 18069
X(Taitel & Dukler) : 9.614
T(Taitel & Dukler) : 0. 137
Y(Taitel & Dukler) : 172. 059
F(Taitel & Dukler) : 0.106
K(Taitel & Dukler) : 12.828
X (Breber) : 9.614
j *g(Breber) : 0. 106

Figure 10. (Continued).
6. Oklahoma State University’s Heat Transfer Laboratory research in tw-phase flow

In the next several sections we present the results ahxbemsive literature search, a detailed development of our
proposed heat transfer correlation and its application to expetaindata in vertical and horizontal pipes, a detailed
description of our experimental setup, our flow visualizatesults for different flow patterns, our experimental results
for slug and annular flows in horizontal and inclined tubes, our proposed heattcansfkation for these flow patterns
and pipe orientations, and finally our future plans.

6.1. Comparison of non-boiling two-phase heat transfer correlations witexperimental data

Numerous heat transfer correlations and experimental dateofeboiling forced convective heat transfer during
gas-liquid two-phase flow in vertical and horizontal pipes have Ipedblished over the past 50 years. In a study
published by Kim et al. (1999), a comprehensive literature searclsavded out and a total of 38 two-phase flow heat
transfer correlations were identified. The validity of theeerelations and their ranges of applicability have been
documented by the original authors. In most cases, the identifiettdnester correlations were based on a small set of
experimental data with a limited range of variables and ligaglepmbinations. In order to assess the validity of those
correlations, they were compared against seven extensévefgein-phase flow non-boiling heat transfer experimental
data available from the literature, for vertical and harab tubes and different flow patterns and fluids. For
consistency, the validity of the identified heat transferatations were based on the comparison between the predicted
and experimental two-phase heat transfer coefficients mabgB0% criterion. A total of 524 data points from the
five available experimental studies (see Table 2) were fagsehese comparisons. The experimental data included five
different liquid-gas combinations (water-air, glycerin-aiticene-air, water-helium, water-Freon 12), and covered a
wide range of variables, including liquid and gas flow rates andepiep, flow patterns, pipe sizes, and pipe
inclination. Five of these experimental data sets are concerrted witle variety of flow patterns in vertical pipes and
the other two data sets are for limited flow patterns (slug and anwitkair) horizontal pipes.
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TablesError! Reference source not found.and 4 show 20 of the 38 heat transfer correlations that were idéntifi
in the study of Kim et al. (1999). The rest of the two-phase feuat transfer correlations were not tested, since the
required information for the correlations was not availableudpn the identified experimental studies. In assessing the
ability of the 20 identified heat transfer correlations, thewedtions were compared with the seven sets of
experimental data, both with and without considering the restriction®kay. and usdus. accompanying the

correlations.

Table 2. Ranges of the experimental data used in the study of Kim et al. (1999).

Water-Air
Vertical
Data (139 Points)
of Vijay (1978)

16.71< i, (Ibm/hr)< 8996
0.058< Iy (Ibm/hr) < 216.82

0.007< X7 < 433.04
0.061< Aprp (psi) < 17.048
5.503< Pr, < 6.982

101.5< hyp (Btu/hrit?CF) < 7042.3

0.06< ug(ft/sec)< 34.80
0.164< usdft/sec)< 460.202
59.64< Trm(°F) < 83.94
0.007< Adprer (psi)< 16.74
0.708< Prg<0.710
0.813< i/ s < 0.933

231.83< Re; £ 126630
43.42< Reg< 163020
14.62< p, (psi)< 74.44
0.033< a< 0.997
11.03< Nurp< 776.12
L/D=52.1,D=0.46 in.

Glycerin-Air
Vertical
Data (57 Points)
of Vijay (1978)

100.5< mh, (Ibm/hr)< 1242.5
0.085< Iy (Ibm/hr) < 99.302

0.15< X < 407.905
1.317< Apre (psi) < 20.022
6307.04< Pr, < 6962.605

54.84< hrp (Btu/hift?F) < 159.91

0.31< ug, (ft/sec)< 3.80

0.217< ug_(ft/sec)< 117.303

80.40< T (°F) < 82.59
1.07< dpyer (psi) < 19.771
0.708< Prg <0.709
0.513< i/ s < 0.610

1.77<Rey < 21.16
63.22< Reys < 73698
17.08< pn (psi) < 62.47
0.0521< a < 0.9648
12.78< Nurp < 37.26
L/D = 52.1,D = 0.46 in.

Silicone-Air
Vertical
Data (162 points)
of Rezkallah (1987)

17.3<riy, (Ibm/hr)< 196
0.07< g (Ibm/hr) < 157.26

72.46< Tyw(°F) 113.90
0.037< dprp (psi) < 9.767
61.0<Pr_ < 76.5
29.9< hyp (Btu/hrift2F) < 683.0

0.072< ug,_(ft/sec)< 30.20
0.17< ug, (ft/sec)< 363.63
66.09< Tz (°F) < 89.0
0.094< Aprer (psi) < 9.074
0.079< Prg<0.710

47.0< Reg; < 20930
52.1<Rgs< 118160
13.9< pn (psi) < 45.3
0.011< a<0.996
17.3< Nurp< 386.8
L/D=52.1D=0.46n.

Water-Helium
Vertical
Data (53 Points)
of Aggour (1978)

267<my_ (Ibm/hr) < 8996

0.020< i (Ibm/hr) < 33.7

0.16< X17<769.6
0.3< 4dpre (psi)< 13.2
5.78<Pr . <7.04
794< hyp (Btu/hiift?F) < 6061

1.03< ug (ft/sec)< 34.70
0.423< ug_(ft/sec)< 483.6
67.4<T,(°F) < 82.0
0.01< Aprpr (psi)< 12.5
0.6908< Prg < 0.691
83.9< Tw (°F) < 95.7

3841< Reg; < 125840
14.0< Reg< 23159
15.5< py, (psi)< 53.3
0.038< a<0.958
86.6< Nurp< 668.2
L/D=52.1,D=0.46in

Water-Freon 12
Vertical

Data (44 Points)

of Aggour (1978)

267<m; (Iom/hr) < 3598
0.84< Mg (Ibm/hr) < 206.59
0.16< X7< 226.5
0.04< Aprp (psi)< 4.92
5.63< Pr < 6.29
800< hyp (Btu/hift*CF) < 4344

1.03< ug (ft/sec)< 13.89
0.51< ug_ (ft/sec)< 117.7
75.26< Tuix (°F) < 83.89
0.02< Aprpr (psi) < 4.48
0.769< Prg < 0.77
90.36< Tw (°F) < 94.89

4190< Re; < 51556
859.5< Reg< 209430
15.8< pn (psi) < 27.8
0.035< 0<0.934
87.1< Nurp< 472.4
L/D=52.1D=0.461in

Water-Air
Horizontal
Data (48 points)
of Pletcher (1966)

0.069< M (Ibm/sec)< 0.3876

0.22< Ap,/L (Ibf/ft?) < 26.35
7.23< 1 <68.0
7372< q" (Btu/hiift?) < 11077

0.03< Mg (Ibm/sec)< 0.2568

0.021< X7 < 0.490
73.6< Ty (°F) < 107.1

433< hyp (Btu/hift?CF) < 1043.8

7.84< AplL (Ibf/ft®) < 137.5
1.45< ¢, <3.54
64.9< T,y (°F) < 99.4
L/D =60.0D=1.0in.

Water-Air
Horizontal
Data (21 points)

1375< ), (Ibm/hr) < 6410

1570< Resg< 84200
136.8< T (°F) < 144.85

0.82< g (SCFM)< 43.7

0.41< X7<29.10
184.3< Tw(°F) < 211.3

22500< Re; < 119000
0.117<R <0.746
15.8< pn, (psi)< 55.0

0.33< UstSLS 7.65
L/D =252,D = 0.737 in.

1.027< Apre (psi) < 22.403
1.35< hp/h <3.34

1462< hrp (Btu/hift?CF) < 4415
1.35< ¢ <8.20

of King (1952)

For the limited experimental data in horizontal pipes (see T3blthe correlation of Shah (1981) was the only
correlation that performed well in predicting the annular flovaad Pletcher (1966). However, the experimental data
of King (1952) for slug flow in a horizontal pipe were predictedyvweell by five of the identified heat transfer
correlations. Figure 11 shows how well the correlations of Chu @mesJ1980), King (1952), Kudirka et al. (1965),
Martin and Sims (1971), and Ravipudi and Godbold (1978) predicted the data of King (1952).
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Figure 11. Comparison of selected correlations with King (1952)
slug flow air-water experimental data in a horizontal pipe.

For the vertical flow experimental data of Vijay (1978), 3able 2, the results indicate that, for bubbly, froth,
annular, bubbly-froth, and froth-annular flow patterns, several ohé&a¢ transfer correlations did a very good job of
predicting his air-water experimental data. However, for shlgg-annular, and annular-mist flows, only one
correlation for each flow pattern provided good predictions. Considering tlugrparfce of the correlations for all flow
patterns and keeping in mind the values of the overall meannadeviations, four heat transfer correlations were
recommended for this set of experimental data. These are thdatiorr of Knott et al. (1959) for bubbly, froth,
bubbly-froth, and froth-annular flow patterns; the correlation of Ravipudi and Godba@®) (ft® annular, slug-annular,
froth-annular, and annular-mist flow patterns; the correlatioBhaf and Jones (1980) for annular, bubbly-froth, slug-
annular and froth-annular flow patterns; and the correlation of Aqd®T8) for bubbly and slug flow patterns. As an
example, Figure 12 shows how well the recommended correlation of éraitt (1959) performed with respect to the
air- water experimental data of Vijay (1978). From the corspariesults, it was concluded that only a few of the
tested heat transfer correlations were capable of accuratelytprgdiee glycerin-air experimental data of Vijay (1978)
in a vertical tube. Considering the overall performance ottieelations for all flow patterns, only the correlation of
Aggour (1978) is recommended for this set of experimental d&tathe silicone-air experimental data of Rezkallah
(1987) in a vertical tube, a few of the correlations predicte@tperimental data reasonably well. Again, considering
the overall performance of the correlations for all flow patteand the values of the mean an deviations, only
three of the tested heat transfer correlations were recommendsd.arbehe correlation of Rezkallah and Sims (1987)
for bubbly, slug, churn, bubbly-slug, bubbly-froth, slug-churn, and churn-annularpidterns; the correlation of
Ravipudi and Godbold (1978) for churn, annular, bubbly-slug, slug-churn, chuifearand froth-annular flow
patterns; and the correlation of Shah (1981) for bubbly, froth, bubbly-fiwttin-annular, and annular-mist flow
patterns. Figure 13 provides a comparison of the predictions of Sh&f) (&6rrelation with the silicone-air
experimental data of Rezkallah (1987). For the water-helium expataindata of Aggour (1978) in a vertical tube,
several correlations predicted the experimental date faill. Considering not only the overall performance of the
correlations for all flow patterns but also the values ofrtiean andms deviations, three of the tested heat transfer
correlations were recommended. These were the correlation oim@hloaes (1980) for bubbly, froth, and bubbly-slug
flow patterns; the correlation of Knott et al. (1959) for altled main flow patterns (bubbly, slug, froth, and annular)
and slug-annular transitional flow; and the correlation of Shah (¥68bubbly, froth, and annular-mist flow patterns.
Figures 14 and 15 show the comparison between the predictions ah@Rwnes (1980) and Shah (1981) correlations
with the water-helium experimental data of Aggour (1978).ith\Aéspect to the water-Freon 12 experimental data of
Aggour (1978), several of the tested heat transfer correlatiers eapable of predicting the experimental data with
good accuracy. Considering the overall performance of the davreldor all flow patterns and also the mean and
deviations, three of the tested correlations demonstrated goath@gdn predicting all of the main flow patterns
(bubbly, slug, froth, and annular) and slug-annular transitional flow. Twesethe correlation of Aggour (1978), the
correlation of Martin and Sims (1971), and the correlation of &kdk and Sims (1987). Figure 16 shows the
performance of the predictions of Martin and Sims (1971) ctioelavith the water-Freon 12 experimental data of
Aggour (1978) in a vertical pipe.
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Figure 16. Comparison of Martin and Sims (1971) correlation with Ag{tRir8)
water-freon 12 experimental data in a vertical pipe.

The results comparing the twenty identified non-boiling heat teamsfrrelations (see Table 3) and the seven sets
of experimental data (see Table 2) are summarized in Batde major flow patterns in vertical and horizontal pipes
and Table 6 for transitional flow patterns in vertical pipes. Shteded cells of Tables 5 and 6 indicate the correlations
that best satisfied th#30% two-phase heat transfer coefficient criterion that veds There were no remarkable
differences for the recommendations of the heat transfeelabons based on the results with and without the
restrictions orRe;. andusdus,, except for the correlations of Chu and Jones (1980) and Ravipudi and & (),
as applied to the air-water experimental data of Vijay (19783e8 on the results without the authors' restrictions, the
correlation of Chu and Jones (1980) was recommended for only annular, frottl\slug-annular, and froth-annular
flow patterns; and the correlation of Ravipudi and Godbold (1978) wasreended for only annular, slug-annular,
and froth-annular flow patterns of the vertical tube wateegperimental data. However, considering Beg_ and
UsdUsy, restrictions, the correlation of Chu and Jones (1980) was recomunéardall vertical tube air-water flow
patterns including transitional flow patterns except the anmuilstrflow pattern; and the correlation of Ravipudi and
Godbold (1978) was recommended for slug, froth, and annular flow patterns atficofdhe transitional flow patterns
of the vertical water-air experimental data of Vijay (1978jthwegard to air-water flow in horizontal pipes, Kim et al.
(1999) recommended use of Shah (1981) correlation for annular flowsaraf the Chu and Jones (1980), Kudirka et
al. (1965), and Ravipudi and Godbold (1978) correlations for slug flow (see Table 5)
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Table 3. Heat transfer correlations chosen for the study of Kim et 88)(19

Source Heat Transfer Correlations Source Heat Transfer Correlations
hep/h = -a) ™ Laminar(L) "
Nu_ =1615Rey Pr D/L)Y (g / pa) ™ (1 Pre _ (1+USGJ
Aggour (1978) heo/h = (- a) 0% Turbulent TS(nott etal. (1959) | n_ Us,
I hereh, is f i T 1
NU, = 0.0155Re%E%Pr05 (11 /)% M whereh, is from Sieder & Tate (1936)
Chu & Jones (1980) | Nuyp = 043ReRS PrY®(u5 /4y ) (pa/p)** Kudirka et al. (1965) Nurp = 125ugs/us '8 (1 /14 ) *° REFPIY (1g / 14y ) ™
028 087 . . _
Davis & David (1964)| Nu, = 0060 2| [ PCX| " pyos Martin & Sims | i/ =1+ 064yuse/us,
Do m (1971) whereh, is from Sieder & Tate (1936)
hrp /N = @-a)™® (L)Pl. & Wriaht Nurp = Nu (l.Z/RBSB - O.Z/RL)
Dorresteijn (1970 h =@1-a)™® (Tihver rg 13
in (1970) | o/ - os (1964) Nu, =1.615[@G+QL)/’D Pr. D/L} (gt )
Nu_ = 0.012ReS’Pr (i / 14y ) Au
Ravipudi & Godbolg
Dusseau (1968) | Nur, =0.02Refp P P (1978) Nurp = 056{Usc/us ) (te /14 )" REEPH (g [ 140 ) ™
Elamvaluthi & Srinivag Nu. = 08 He MR 070,33 M. o Rezkallah & Sims | hyp/h, = 1-a)™®
(1984) e =™ R s (1987) whereh,_ is from Sieder & Tate (1936)
Groothuis & Hendal | Nurp =0.02RelE" (Pr )Y (ug /14, ) ™*  (for water-air) Serizawa et al. | hyp/h, =1+462X27
(1959) Nurp =2.6ReRS P2 (g /1ay) ¢ (for (gas-oil)-air) (1975) whereh,_ is from Sieder & Tate (1936)
, y3 014 hep/hy = (L+ USG/USL)]/A
Hughmark (1965) | Nu,p = 1.75(RL)‘V2[R”:T(°LLJ {”B} Shah (1981) | Nu_ = 186(Reg, P D/L)"*(ug/my)** L
; Hw Nu, =002ReE PR (ug/ray )™ W)
Khoze et al. (1976) | Nup = 026Re22Re2%5Pr % Ueda(f‘%H%naOka Nurp = 0.075Re2{Pr, /[1+0.035Pr, D]}
hp R (@] (@] 2 hrp /N = (Bprer /)™
King (1952) h.  1+0025Re2 | \AL Jrp/ \AL ) Vijay et al. (1982) | Nu,_ =1.615(Reg, Pr, D/L)"3(ug /sy ) L)
Nu, = 0.02Re&Pr’* Nu, = 0.0155Re2*Pr*® (ug /1y )* % M
Nu, = 186(Rey Pr, D/L)¥® 014 L
Sieder & Tate (103g) - 2XR&PL B/L ke 1) ©
Nu_ =0.027Res5; Pr ™" (ug /)™~ (M

Note: a andR_ are taken from the original experimental data for this stRdy.< 4000 implies laminar flow, otherwise turbulent; and for Shah (1981), replace 4030 by
With regard to the egs. given for Shah (1981) above, the laminar two-phasaticorrgas used along with the appropriate single-phase correlation, balt€1981)
recommended a graphical turbulent two-phase correlation.
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Table 4. Limitations of the heat transfer correlations used in the stidsnadt al. (1999) (see Nomenclature for abbreviations).
Source Fluids L/D  Orient. Iy /1 UsdUs Resc Rey. Pr. Flow Pattern(s)
Aggour (1978) A'V;’r'eHOf]'iUZ’]“V'VW’ 52.1 V  7.5%x10°%5.7%10% 0.02-470  13.95-2.9510° 5.78-7.04 B, S, A, BA_.f/i B-F, S-A,
Chu & Jones (1980) W-A 34 \% 0.12-4.64 540-2700 16000-112000 B, S, F-A
Davis & David (1964) Gas-Liquid H&V A, M-A
Dorresteijn (1970) A-Oil 16 \% 0.004-4500 300-66000 B, S, A
Dusseau (1968) A-W 67 Y 45-350 0-4.2%10" 1.4x10%4.9x10" F
Elamvaluthi & Srinivas A-W 0.3-2.5
(1984) A-Glycerin 86 v 0.6-4.6 300-14300 B,S
Groothuis & Hendal A-W 14.3 Vv 244-977 1-250 >5000
(1959) Gas-Oil-A 269-513 0.6-80 1400-3500
Hughmark (1965) Gas-Liquid H S
A-W,
Khoze et al. (1976) A-Polymethylsiloxane, 60-80 \% 4000-37000 3.5-210 4.1-90 A
A-Diphenyloxide
King (1952) A-W 252 H 0.327-7.648 1570-8.2&10'  22500-11.810C" S
Knott et al. (1959) Petroleum oil-Nitrogen gas 119 V. 1.5%10%1.19 0.1-4 6.7-162 126-3920 B
. A-W . 4.0. .16-7 . -49.
Kudikaetal. (1965) A pvonegycol 176V 1 92‘3_%_ 1011427 8_22_63 5 5"3138_‘;9;(%104 140 @ 37.8C B,S,F
Martin & Sims (1971) A-W 17 H B, S A
A-85% Glycol,
Oliver & Wright (1964) A-1.5% SCMC, H 500-1800 S
A-0.5% Polyox
A-W,
Ravipudi & Godbold A-Toluene,
P (1978) A-Benzene, \% 1-90 3562-82532 8554-89626 F
A-Methanol
Rezkallah & Sims (1987) Liqﬁi peobetes 521 v 0.01-7030 1.8-1.310° a2:7000 B O LA B
Serizawa et al. (1975) A-W 35 \% B
AW,
Shah (1981) Oil, Nitrogen, Glycol, etc.; H&V 0.004-4500 7-170 B,S,F, F-A M
10 combinations
Ueda & Hanaoka (1967) A-Liquid 67 \% 9.4x10*-0.059 4-50 4-160 S, A
A-W,
Vijay et al. (1982) ’:'SIB’;GW 521V 0.005-7670 1.8-130000 557000 oS F# _AA', 'X'_S'F' S-A,
Freon12-W
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Table 5. Recommended correlations by Kim et al. (1999) from the general ampavith regard to pipe orientation,
fluids, and major flow patterns (see Nomenclature for abbreviations).

Correlations with Vertical Pipe Horizontdl
Restrictions oRes. | Water-Air Glycerin-Air Silicone-Air Water-HeliunfiWater-Freon 1pVater-Air
andusdUs. B[S[F|[A]|B|[S|F[A[B[S|C]A[F|[B|S|F|[A|B]S|[F[A] A] S
Aggour (1978) | -\[-V -V[-V[-V]-Vv V|-V ]-V]-V
Chu & Jones (1980] RRV|RV|RV R R|RV| V [RV R RV RV
Knottetal. (1959)| MV |V |R VIV|V |V \% \Y
Kudirka et al. (1965 RV V RV
Ravipudi & Godbold |p\/oy /Ry VIRV[V| |RIRV v| |Rv RV
(1978)
Rez"?{'ggg‘ SIms [ovlRv RVRV|RV RV RVIRV|RV|RV
Shah (1981) \ \% RV \% V]|V \Y \% V \%
Correlations with Nd Water-Air Glycerin-Air Silicone-Air Water-HeliumWater-Freon 1pNater-Air
Restrictions B|S|F|A|B|[S|F|A|B|[S|C|A|F|B|S|F|A|IB|S|F| Al A| S
Aggour (1978) N N N[N[N[N N[N[N[N
Chu & Jones (1980 N N N N N
Knottetal. (1959)| N [N NfN[NIN[N[N N
Kudirka et al. (1965 N
Martin & Sims (1971) N N N N|N N
Ravipudi & Godbold
P (1978) N N[N N
Rezkallah & Sims
(1987) N N|N|N N N|N|N|N
Shah (1981) N [N N N N[N N N N N
Correlation Water-Air Glycerin-Air Silicone-Air Water-HeliumWater-Freon 1pNater-Air
Recommendations
Based on Companisy B| S|F|[A|B|S| F|A|B|S|C|A|F|B|S|F|A|B|S|F| A] A| S
Above
Aggour (1978) |V | V VARARAR VI VI|V]Y
Chu & Jones (1980 V V V v v
Knott et al. (1959) v VIVIV]|V v v
Kudirka et al. (1965 v
Martin & Sims (1971) v v VI VIV]Y v
Ravipudi & Godbold
" do78) v VY
Rezkallah & Sims
(1987) v YARA R v VIiVvIV]|V
Shah (1981) v v v v V]V Vv V v v

Note: R = Recommended correlation with the rang@egf. V = Recommended correlation with the rangedefus,.
N = Recommended correlation with no restrictiohs: Recommended correlation with and without restrict
- = Correlation that did not provide ranges for eitRey; or usdus.. Correlation of Martin & Sims (1971) did 1
provide ranges foRe. andusdusy.
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Table 6. Recommended correlations by Kim et al. (1999) from the general ampavith regard to experimental
fluids and transition flow patterns (see Nomenclature for abbrevigtions

Vertical Pipe
Correlations with : Glycerin- o : . Water-Freon
Restrictions orRes, Water-Air Air Silicone-Air Water-Helium 12
andusdUs; B-|S-|F-|A|B-|gA[B-|B-|S|C|F [A[B-[B-[S|A[|B-|B-|S-
FIA|[A|M]S S|IF|{|C|A|A|M|S|F|A[M|S|F|A
Aggour (1978) -V -V -V
Chu & Jones (198Q)RV | RV | RV R )Y V
Knott et al. (1959)] V V V
Kudirka et al.
(1965) RV| R Y RV RV
Ravipudi &
Godbold (1978) RV|RV|RV|RV Y V|V |RV R R Y
Rezkallah & Sims
(1987) RV RV RV|RV|RV|RV RV RV
Shah (1981) V V V V| R \
. Glycerin- . . . Water-Freon
Correlations with Water-Air Air Silicone-Air Water-Helium 12
No Restrictions | B- | S-| F- | A- | B- S A B-[B-|{S-[{C-|F [A-|B-|[B-|S-|A-| B-|B-| S-
FIA|[A|M]S S|F|{|C|A|A|M|S|F|A[M|S|F|A
Aggour (1978) Nl N N N N
Chu & Jones (1980) N | N | N N N
Knott et al. (1959)] N N N N N\
Kudirka et al.
(1965) N N N
Martin & Sims
(1971) N N N
Ravipudi &
Godbold (1978) N NN N N| NI N N N
Rezkallah & Sims
(1987) N N N| N[ N| N N N
Shah (1981) N N N N N N I\
Correlation . Water-Air Glyc_e fin- Silicone-Air Water-Helium Water-Freon
Recommendationg Air 12
Based on B-|S-|F|A-|B- S A B-|B-|S-|C-|F |A-|B-[B-|S-|A-|B-|B-| S
Comparisons Above F | A| A | M| S S|IF|{|C|A|A|M|S|F|A[M|S|F|A
Aggour (1978) v |V v
Chu & Jones (1980 v | v | V v v
Knott et al. (1959)] v
Kudirka et al.
(1965) v v
Martin & Sims
(1971) v v v
Ravipudi &
Godbold (1978) VIV v VIV v v
Rezkallah & Sims
(1987) v v VIV |V |V v v
Shah (1981) v v V V V

Note: R = Recommended correlation with the rangResf V = Recommended correlation with the rangegafus,.
N = Recommended correlation with no restrictions. = Recommended correlation with and without

restrictions. - = Correlation that did not provide range®itherRes. or usdus.. Correlation of Martin & Sims
(1971) did not provide ranges fBig5. andusdUs,.

The above-recommended correlations all have the following importearhpsers in commormRes, Pr,, t&/4y and
either void fraction §) or superficial velocity ratiousdus;). It appears that void fraction and superficial velocityorati
although not directly related, may serve the same function in tweegteat transfer correlations. However, since there
is no single correlation capable of predicting the flow for aldfcombinations in vertical pipes, there appears to be at
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least one parameter [ratio], which is related to fluid comhwnatithat is missing from these correlations. In addition,
since, for the limited horizontal data available, the recommenateelations differ in most cases from those of vertical
pipes, there appears to be at least one additional paramétdr fedated to pipe orientation, that is missing from the
correlations. In the next section we report on the results céftants in the development of a heat transfer correlation
that is robust enough to span all or most of the fluid combinations, flow pattemsetiimes, and pipe orientations.

6.2. Development of a new heat transfer correlation

In order to improve the prediction of heat transfer rate in tarftuivo-phase flow, regardless of fluid combination
and flow pattern, a new correlation was developed by Kim et al. (2006)improved correlation uses a carefully
derived heat transfer model which takes into account the apgieopontributions of both the liquid and gas phases
using the respective cross-sectional areas occupied by the two phases.

The actual gas velocitys can be calculated from

ug = =M __Mx (53)

A Pchs PcaA

Similarly, for the liquid, the liquid velocityy, is defined as

g =M __md=x (54)

A PA pl-a)A

The total gas-liquid two-phase heat transfer is assumed to be the seninofitidual single-phase heat transfers of
the gas and liquid, weighted by the volume of each phase present

hTP:(l—a)hL+ahG:(1—a)h{1+( a j[hsﬂ (55)

1-a E

There are several well-known single-phase heat transfeglations in the literature. In this study the Sieder and
Tate (1936) equation was chosen as the fundamental single-plastahefer correlation because of its practical
simplicity and proven applicability (see Tafieror! Reference source not found). Based on this correlation, the
single-phase heat transfer coefficients in Eq. (B5andhg can be modeled as functions of Reynolds number, Prandtl
number and the ratio of bulk to wall viscosities. Thus, Eq. (55) can be expassse

i [ a fotn(RePr, s/ th)s
=(-a)h |1 6
e = Q-a)hy |1+ o= 2o PY, g/ taw )1 K

I Res) (Pro) ((Ws/tw)
hrp = A-a)h, _1+ Tz fctn{ Re J , (Pr(s] , [(NZ/MN)(E jH (57)

Substituting the definition of Reynolds numbReg p u D/zg) for the gasRes) and liquid Re) yields

hTP =1+ a fCtn{[(’OUD)G (/'IB)L] [PrG] ((IUB/IU\N)GJ} (58)
@-a)h 1-a (ouD) (Ug)s )\ Pr )"\ (s /thw)0

Rearranging yields

L PO A [[p_j [“_j (D_D[P_f](%)] (59)
@-a)h 1-a A AN Pr. (4w)c

where the assumption has been made that the bulk viscdsitynréhe Reynolds number term of Eq. (58) is exactly
cancelled by the last term in Eqg. (58), which includes bulk viscosity ratio. suibstiEq. (9), the definition of the void
fraction @), for the ratio of gas-to-liquid diameterBd/D.) in Eq. (59) and based upon practical considerations
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assuming that the ratio of liquid-to-gas viscosities evatliatehe wall temperaturesff) /(tw)c] is comparable to the
ratio of those viscosities evaluated at the bulk temperatuteas], Eq. (59) reduces to

e pse(@06) @ @)

For use in further simplifying Eq. (60), combine Egs. (53) and (54)ddgas velocity) and_ (liquid velocity) to
get the ratio ofic/u_. and substitute into Eq. (60) to get

oo iemc5) (%) (3 ()]

Assuming that two-phase heat transfer coefficient can Ipeessed using a power-law relationship on the
individual parameters that appear in Eq. (61), then Eq. (61) can be expressed as

o X m a n PI’G p,U_Gq
o= G- m{[l_xj (1) (2= ) } -

where h comes from the Sieder and Tate (1936) equation as mentioned sdiel ableError! Reference source
not found.). For the Reynolds number needed in that single-phase correlatofolldwing relationship is used to
evaluate the in-situ Reynolds number (liquid phase) rather thasugieficial Reynolds numbeRé&;) as commonly
used in the correlations of the available literature [see Kih é1999)]:

_[puD}) _ iy
Re = = -1 (63)
1 [ H jL ml-a D

Any other well-known single-phase turbulent heat transfer latioa could have been used in place of the Sieder
and Tate (1936) correlation. The difference resulting from theotig different single-phase heat transfer correlation
will be absorbed during the determination of the values of thenigabefficient and exponents on the different
parameters in Eq. (62).

In the next section the proposed heat transfer correlation, BgwiBde tested with four extensive sets of vertical
flow two-phase heat transfer data available from the litezgsee Table 2) and a new set of horizontal flow two-phase
heat transfer data obtained by Kim and Ghajar (2002). The vaube void fraction €) used in Eq. (62) were either
directly taken from the original experimental data sétav@ilable) or were calculated based on the equation provided
by Chisholm (1973), which can be expressed as

oo () (2)]

where K = (o, /)" andy/ o, = (L-x)/ o +X/ P -
6.3. Robust heat transfer correlation for turbulent gas-liquid flowin vertical and horizontal pipes

6.3.1. Correlation for vertical flow

To determine the values of leading coefficient and the expoirelsg. (62), Kim et al. (2000) used four sets of
experimental data available in the open literature (see stefilumn in Table 7) for vertical pipe flow. The ranges of
these four sets of experimental data can be found in Table 2. Thévequeaf data (a total of 255 data points) included
four different liquid-gas combinations (water-air, silicone-amter-helium, water-Freon 12), and covered a wide range
of variables, including liquid and gas flow rates, properties, and flow pattdreselected experimental data were only
for turbulent two-phase heat transfer data in which the suérReynolds numbers of the liquidR¢,) were all
greater than 4000. Table 7 and Fig. 17 provide the details of thdéatiorreand how well the proposed correlation
predicted the experimental data. The proposed general corrglatidicted the non-boiling heat transfer coefficients
for the 255 experimental data points of vertical flow with an olerahn deviation of about 2.5%, ems deviation of
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about 12.8%, and a deviation range of —65% to 40%. About 83% of th@2@latdata points) were predicted with less
than+15% deviation, and about 96% of the data (245 data points) weretpdedith less thar30% deviation. The
results clearly show that the proposed heat transfer coorelatrobust and can be applied to turbulent gas-liquid flow
in vertical pipes with different fluid flow patterns and fluid combinations.

Table 7. Summary of the values of the leading coefficient apdnents in the general correlation, eq. (62), the results
of prediction, and the parameter range of the correlation for veftbea(Kim et al., 2000).

Value of Cnand I;xponentm( oanl e No. of Sey Range of Parameter
Fluids .P.q Dov | Doy, | Data |~
(Res. > 4000) c m n o q [%]' [%]' within [%? Re, X o Prg Ho
+30% “l1-x) | \1-a Pr, e
All —64.7
. 254 | 12.78 245 to
255 data points 39.6
Water-Air -35.0
105 data points 3.53 | 12.98 98 to
Vijay (1978) 39.6
Silicone-Alr 7.3 4000 | 8.4x10° 0.01 | 1.1810° | 3.64x10°
SGRiiLa;ﬁg;]mS 0.27|-0.04 1.21| 0.66| -0.72 5.25 | 7.77| 56 | to to to to 1o 10
12.13 | 1.26x10° 0.77 18.61 0.14 0.02
(1987)
Water-Helium —64.7
50 data points -1.66| 15.68 48 to
Aggour (1978) 32.2
Water-Freonl12 -24.5
44 data points 151 | 13.74] 43 to
Aggour (1978) 33.0
10000 +
3
N,‘f Yy v -30 %
§ +30 % s .”
m 4 . .
VS . \ ® Water-Air
o vé-v from Vijay (1978)
= O  Silicone-Air
from Rezkallah (1987)
v Water-Helium
from Aggour (1978)
v  Water-Freon 12
from Aggour (1978)
100 R : —

100 1000 10000

hyp_ (Btuhr-ft*-F)

Figure 17. Comparison of the predictions by the general correlatpr{c2) with
the experimental data for vertical flow (255 data points).

6.3.2. Correlation for horizontal flow

To continue the validation of the proposed heat transfer correlation, Eq. (62), and pplo-phase heat transfer
data in horizontal pipes, Kim and Ghajar under took the study reported in Kim and Gba@r As mentioned before,
there is very limited horizontal pipe flow two-phase heat teandata available from the open literature. In order to
achieve the validation process successfully, a reliable tweepheat transfer experimental setup was built, and
experimental horizontal heat transfer two-phase flow data féereift flow patterns were obtained. Details of the
experimental setup and the data reduction procedure will be gddarthe next section. For additional details on the
experiments performed and the data collected for this segmentppbg refer to Kim and Ghajar (2002).

To determine the values of leading coefficient and the expoiireiqg. (62), the horizontal pipe flow experimental
data of Kim and Ghajar (2002) were used. Table 8 and Fig.
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Table 8. Summary of the values of the leading coefficient and exponentgentral correlation, eq. (62), the results
of prediction, and the parameter range of the correlation for horiZtomalKim & Ghajar, 2002).

Value of C and Exponents
Experimental Data (mn,p q mean| rms NDO 'tOf Dev. Range of Parameter
(Kim & Ghajar, Dev. | Dev. Wi’?\i{; range X a Pr P
2002 %] | [% % A — —& e
) Clmi n| p| qfl%l | [ 50 |[% | Re [1_)() (1—0(} [PrL] [m]
Slug, Bubbly/Slug, —25.2| 2468 | 6.9x10* 0.36 0.102 | 0.015
Bubbly/Slug/Annular 2.86| 0.42| 0.35| 0.66|-0.72| 0.36 | 12.29 82 to to to to to to
89 data points 31.3 | 35503 0.03 3.45 0.137 0.028
—12.8] 2163 0.05 3.10 0.10 0.015
Wavy-Annular |, ool ) 40l 054|103 00d 1.15 | 338 41 | to to to to to to
41 data points 193 | 4985 | 0.13 455 011 | 0018
Wavy -19.8] 636 0.08 487 0.102 | 0.016
. 27.89 3.10|-4.44-9.65 1.56| 3.60 | 16.49 16 to to to to to to
20 data points 344 | 1829 | 0.25 8.85 0107 | 0.021
_ See Above for the Values fdr —25.2| 636 6.9x10* 0.36 0.102 0.015
All 150 data points Each Flow Pattern 1.01 | 12.08 139 to to to to to to
34.4 | 35503 | 0.25 8.85 0.137 | 0.028

1000 +20 % .
T (565 ey T
_ +30 % \ Vel SN
[ - efe g
o g 2
= y.,v"'
£ e Ll
g ST
e D
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Figure 18. Comparison of the predictions by general correlationf2gwith the
experimental data for horizontal flow (150 data points).

18 provide the details of the correlation and how well the propogeelatn predicted the experimental data.
The proposed general correlation predicted the non-boiling heat transficients for the 150 experimental data
points of horizontal flow with an overall mean deviation of about 48%ms deviation of about 12%, and a deviation
range of —25% to 34%. About 93% of data (139 data points) were predititddss thart20% deviation. The results
clearly show that the proposed heat transfer correlation istrabdscan be applied to gas-liquid flow in horizontal
pipes with different fluid flow patterns.

6.4. Experimental setup and data reduction for horizontal and slighy upward inclined pipe flows

A schematic diagram of the overall experimental setup forthesadfer and pressure drop measurements and flow
visualizations in two-phase air-water pipe flow in horizontal anlined positions is shown in Fig. 19. The test section
is a 27.9 mm straight standard stainless steel schedule 10S pigelariigth to diameter ratio of a 100. The setup rests
atop an aluminum I-beam that is supported by a pivoting foot andienatgtfoot that incorporates a small electric
screw jack. The I-beam is approximately 9 m in length amdbeainclined to an angle of approximately 8° above
horizontal. Inclination angles of the test cradle are measured wihteactor's angle-measuring tool and with a digital
X-y axis accelerometer to determine the angle to within 0.5°.
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Figure 19. Schematic of experimental setup.

In order to apply uniform wall heat flux boundary conditions to theststiion, copper plates were silver soldered
to the inlet and exit of the test section. The uniform wall fleatboundary condition was maintained by a Lincoln
SA-750 welder. The entire length of the test section was wraypgird fiberglass pipe wrap insulation, followed by a
thin polymer vapor seal to prevent moisture penetration.

In order to develop various two-phase flow patterns (by contrdliagflow rates of gas and liquid), a two-phase
gas and liquid flow mixer was used. The mixer consisted of a perforateéssasteéel tube (6.35 mm |.D.) inserted into
the liquid stream by means of a tee and a compression fittingerichef the copper tube was silver-soldered. Four
holes (3 rows of 1.59 mm, 4 rows of 3.18 mm, and 8 rows of 3.97 mm) were pEEiEO®0 intervals around the
perimeter of the tube and this pattern was repeated eg¢Hifequally spaced axial locations along the length of the
stainless steel tube (refer to Fig. 20). The two-phase flow leaving sritered the transparent calming section.

The calming section [clear polycarbonate pipe with 25.4 mm |.DLADd 88] served as a flow developing and
turbulence reduction device, and flow pattern observation section. @nef ¢he calming section is connected to the
test section with an acrylic flange and the other end of th@ragasection is connected to the gas-liquid mixer. For the
horizontal flow measurements, the test section and the obsersatition (refer to Fig. 19) were carefully leveled to
eliminate the effect of inclination on these measurements.

2.54 cm Copper Tee 635 cm |.D. Stainless Steel Tube
Thermocouple

Copper 2.54 cm 1.D. PVC Tubing Probe

" 2.54cm|.D.
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Fitting («—17.78 cm—»i

Al 127 cnms] e Mixing Well w
:> Ai(,‘;'“;"% IIH “ L T TELET o e '
I oo
2 .3968 cm JJJ
@.3175¢cm
@ .1587 am ‘
25.4 cm 30.48 cm | 1524 cm | 30.48 cm |

—

Calming
Section

Figure 20. Air-water mixer.
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Holes for eleven pressure taps were drilled along the tesbrsérefer to Fig. 21). The diameters of the holes were
1.73 mm, and were equally spaced at 254 mm intervals along tlsed¢den. The holes were located at the bottom of
the stainless steel tube in order to ensure that only watdd get into the pressure measuring system. The pressure
taps were standard saddle type self-tapping valves with ppentacore removed. The first pressure tap in the flow
direction was used as a reference pressure tap for compaiibdhe other pressure taps; and the system pressure was
measured by an OMEGA PX242-060G pressure transducer which had & @d@ ®peration range. The reference
pressure tap was also directly connected to a VALIDYNE DRdtswet differential pressure transducer with CD15
carrier demodulator. The pressure tap desired to measure therdiffepressure among the other 10 pressure taps was
connected to the differential pressure transducer in isotheandition. Note that the pressure measurements are not
reported in this paper.

::> Flow Direction
/7 Copper Plate 2.54cm (1 inch) Schedule 10S Test Section

264.16 cm
Thermocouple =
Station Number \ (1]
|

17.78 cm

e (5] (o] (7]
7 25.4 crmle25.4 cm»‘dZSA cmb‘<25.4 cm-‘<25.4 cm-‘-zsA cm-‘<25.4 cm»‘<25.4 cmTZSA om i jr17-76em
— —_——t-—r—-— - — - — — —— —— —— —— —— — O —— — O —— — O —— — O — — - -—
b ] X X X X X X q
5.08 cm—; [+25.4 ¢ 25.4 cm>‘<25.4 cmbL E 254 c 25.4 c E m>L25.4 cm>L25.4 cr»‘ 4_»5.08 cm
@] @ O] ® ® o] ®
Pressure Tap — } } } } } }
Station Number I | | | | |
| | | | | I
| | | | | |
Lo IR D B W Lo I WY O Lo ]
Differential Pressure Transducer
Pressure Tap Thermocouple
Reference Pressure Transducer / Thermocouple
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-
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Figure 21. Test section.

T-type thermocouple wires were cemented with Omegabond 101, an epbegive with high thermal
conductivity and electrical resistivity, to the outside wallttod stainless steel test section (refer to Fig. 21). Omega
EXPP-T-20-TWSH extension wires were used for relay to the alajuisition system. Thermocouples were placed on
the outer surface of the tube wall at uniform interval25f mm from the entrance to the exit of the test section. There
were 10 thermocouple stations in the test section. All staiadgour thermocouples, and they were labeled looking at
the tail of the fluid flow with peripheral location “A” being the top of the tube, “B” being 90° in the clockwise
direction, “C” at the bottom of the tube, and “D” being 90° fromhb#&om in the clockwise sense (refer to Fig. 21).
All the thermocouples were monitored with a National Instruments data aaqugsistem. The experimental data were
averaged over a user chosen length of time (typically 20 ssttipénel with a sampling rate of 400 scans/sec) before
the heat transfer measurements were actually recorde@dvérege system stabilization time period was from 30 to 60
min after the system attained steady state. The injeidliand gas temperatures and the exit bulk temperature were
measured by Omega TMQSS-125U-6 thermocouple probes. The thermqmaiggldor the exit bulk temperature was
placed after the mixing well. Calibration of thermocouples andnbeouple probes showed that they were accurate
within £0.5°C. The operating pressures inside the experimental setupnaritered with a pressure transducer.

To ensure a uniform fluid bulk temperature at the inlet andoéxhe test section, a mixing well was utilized. An
alternating polypropylene baffle type static mixer for both @ad liquid phases was used. This mixer provided an
overlapping baffled passage forcing the fluid to encounter flmersal and swirling regions. The mixing well at the
exit of the test section was placed below the clear polycarbohagvation section (after the test section), and before
the liquid storage tank (refer to Fig. 19). Since the crosssatflow passage of the mixing section was substantially
smaller than the test section, it had the potential of isorgahe system back-pressure. Thus, in order to reduce the
potential back-pressure problem, which might affect the flonepainside of the test section, the mixing well was
placed below and after the test section and the clear obsargaitions. The outlet bulk temperature was measured
immediately after the mixing well.
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The fluids used in the test loop are air and water. The watdisiilled and stored in a 55-gallon cylindrical
polyethylene tank. A Bell & Gosset series 1535 coupled centrifogiadp was used to pump the water through an
Aqua-Pure AP12T water filter. An ITT Standard model BCF 4063 bak and two-tube pass heat exchanger removes
the pump heat and the heat added during the test to maintain antdnitt water temperature. From the heat
exchanger, the water passes through a Micro Motion Coriolis flow ifretelel CMF125) connected to a digital Field-
Mount Transmitter (model RFT9739) that conditions the flow infoionator the data acquisition system. Once the
water passes through the Coriolis flow meter it then passmstha 25.4 mm, twelve-turn gate valve that regulates the
amount of flow that entered the test section. From this point, the watelsttarough a 25.4 mm flexible hose, through
a one-way check valve, and into the test section. Air is ®¢ppia an Ingersoll-Rand T30 (model 2545) industrial air
compressor mounted outside the laboratory and isolated to reiuagon onto the laboratory floor. The air passes
through a copper coil submerged in a vessel of water to lowemtipetature of the air to room temperature. The air is
then filtered and condensate removed in a coalescing filke air flow is measured by a Micro Motion Coriolis flow
meter (model CMF100) connected to a digital Field-Mount Traesmimodel RFT9739) and regulated by a needle
valve. Air is delivered to the test section by flexible tubinge Water and air mixture is returned to the reservoir where
it is separated and the water recycled.

The heat transfer measurements at uniform wall heat flux bouodadition were carried out by measuring the
local outside wall temperatures at 10 stations along the atiedfibe and the inlet and outlet bulk temperatures in
addition to other measurements such as the flow rates of gdig@ddroom temperature, voltage drop across the test
section, and current carried by the test section. The perigieabaltransfer coefficient (local average) were catedl
based on the knowledge of the pipe inside wall surface tempegatdranside wall heat flux obtained from a data
reduction program developed exclusively for this type of exmis(Ghajar and Zurigat, 1991). The local average
peripheral values for inside wall temperature, inside wall fieg and heat transfer coefficient were then obtained by
averaging all the appropriate individual local peripheral vaktesach axial location. The large variation in the
circumferential wall temperature distribution, which is typica two-phase gas-liquid flow in horizontal and slightly
inclined tubes, leads to different heat transfer coefficieapeiding on which circumferential wall temperature was
selected for the calculations. In two-phase heat transfer exgdsmin order to overcome the unbalanced
circumferential heat transfer coefficients, Eq. (52) waed to calculate an overall mean two-phase heat transfer
coefficient (kp) for each test run.

The data reduction program used a finite-difference formulatiatetermine the inside wall temperature and the
inside wall heat flux from measurements of the outside walp&gature, the heat generation within the pipe wall, and
the thermophysical properties of the pipe material (electricastinéty and thermal conductivity). In these calculations,
axial conduction was assumed negligible, but peripheral and radial conduction of healire tall were included. In
addition, the bulk fluid temperature was assumed to increase YVirfeanh the inlet to outlet, see section 5.3 for
additional details.

A National Instruments data acquisition system was used todrecw store the data measured during these
experiments. The acquisition system is housed in an AC poweregdlédBCXI 1000 Chassis that serves as a low
noise environment for signal conditioning. Three NI SCXI control modurie$ioused inside the chassis. There are two
SCXI 1102/B/C modules and one SCXI 1125 module. From these three modahues signals for all 40
thermocouples, the two thermocouple probes, voltmeter, and fldersnare gathered and recorded. The computer
interface used to record the data is a LabVIEW Virtual Instrumdhpfdgram written for this specific application.

The reliability of the flow circulation system and of the expemtal procedures was checked by making several
single-phase calibration runs with distilled water. The singleeliesat transfer experimental data were checked
against the well established single-phase heat transfetatiome (Kim and Ghajar, 2002) in the Reynolds number
range from 3000 to 30,000. In most instances, the majority ofxiherimental results were well within £10% of the
predicted results (Kim and Ghajar, 2002; Durant, 2003). In addition to the single-pliasgicalruns, a series of two-
phase, air-water, slug flow tests were also performed fopadson against the two-phase experimental slug flow data
of (Durant, 2003; Trimble et al., 2002). The results of these comparisonsajianity of the cases were also well within
the £10% deviation range.

The uncertainty analyses of the overall experimental proesdiging the method of Kline and McClintock (1953)
showed that there is a maximum of 11.5% uncertainty for heradfer coefficient calculations. Experiments under the
same conditions were conducted periodically to ensure the repegatabilibe results. The maximum difference
between the duplicated experimental runs was wiiif%. More details of experimental setup and data reduction
procedures can be found from Durant (2003).

The heat transfer data obtained with the present experinsettgl were measured under a uniform wall heat flux
boundary condition that ranged from 2606 to 10,787 ¥émd the resulting mean two-phase heat transfer coefficients
(hre) ranged from 545 to 4907 WHEK. For these experiments, the liquid superficial Reynolds numBexg fanged
from 836 to 26,043 (water mass flow rates from about 1.18 to 42.5 kg/nirtha gas superficial Reynolds numbers
(Resg ranged from 560 to 47,718 (gas mass flow rates from about 0.013 to 1.13 kg/min).
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6.5. Flow patterns

Due to the multitude of flow patterns and the various interpoeaccorded to them by different investigators, no
uniform procedure exists at present for describing and clasgitfiem. In our reported studies the flow pattern
identification for the experimental data was based on the pr@sduggested by Kim and Ghajar (2002) and visual
observations deemed appropriate. All observations for the flowrpgttedgments were made at two locations, just
before the test section (abduD = 93 in the calming section from the mixing well, see Fig. 2d)raght after the test
section. Leaving the liquid flow rate fixed, flow patterns welserved for various air flow rates. The liquid flow rate
was then adjusted and the process was repeated. If the observed flow pdféeensadithe two locations of before and
after the test section, experimental data was not taken and the flow ratesantid@uid were readjusted for consistent
flow pattern observations. Flow pattern data were obtained witpifieeat horizontal position and at, %°, and 7
upward inclined positions. These experimental data were plottedoanplaced using their corresponding values of
mass flow rates of air and water and the flow patterns. Theldigages of each flow pattern at each inclination angle
were also compared with each other in order to identify the inclination effebe flow pattern.

Figure 22 shows photographs of the representative flow pattetnaehe observed in our experimental setup with
the pipe in the horizontal position and no heating (isothermal ruggieF22 shows the flow map for our pipe in the
horizontal position. The different flow patterns depicted on this diglustrate the capability of our experimental setup
in producing multitude of flow patterns. The shaded regions reprdésehbtindaries of these flow patterns for the pipe
in the horizontal position. Also shown on
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Figure 22. Photographs of representative flow patterns (horizélotal and
isothermal).
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Figure 23. Flow map for horizontal flow.

23 with symbols is the distribution of the heat transfer datavibee obtained systematically in our experimental
setup with the pipe in the horizontal position. As can be seen frpn28j we did not collect heat transfer data at low
air and water flow rate combinations (water flow ratekes$ than about 5 kg/min and air flow rates of less than about
0.5 kg/min). At these low water and air flow rates and heatiegetis a strong possibility of either dry-out or local
boiling which could damage the test section.

As mentioned in section 4.3.3, there are very few flow pattern ddtflaav pattern maps available in the literature
for tubes with small angles of inclination. The influence of Isoyaward inclination angles of°25°, and 7 on the
observed flow patterns is shown in Fig. 24. This figure is a neadifersion of Fig. 23, which is based on the mass
flow rate of each phase. As shown in Fig. 24, the shaded regionseamtimg the transition boundaries of the flow
patterns have shifted to the upper left direction for plug-slng slug-bubbly/slug transition due to the different
inclination angles. The annular/bubbly/slug-annular transition boundagpsar to be insensitive to the slight
inclination angles studied in this study. There are no drastic ekaingthe transition boundaries at the upward
inclination angles of 2 5°, and 7 compared to the horizontal orientation. However, it should be omextithat even
though the flow pattern is named the same for both horizontahaldeid flows; it does not mean that the flow pattern
in the inclined position has identical characteristics of thepeoable flow pattern in the horizontal position. For
example, it is observed that the slug flow patterns in the inclined positioAsnfi5* have reverse flow between slugs
due to the gravitational force, which can have a significant effect dretitdransfer.
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Figure 24. Change of flow pattern transition lines as pipe inclined upward frorothtati
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Note that we have not taken flow pattern data below the ligovd fate of about 5 kg/min for the inclined cases.
Therefore, at this time we have no information on theau@nfte of inclination angle on the flow pattern in this area.
This is the subject of our near future investigations.

6.6. Systematic investigation on two-phase gas-liquid heat transfer morizontal and slightly upward inclined
pipe flows

In this section we present an overview of the different trdmatswe have observed in the heat transfer behavior of
the two-phase air-water flow in horizontal and inclined pipes f@reety of flow patterns. The two-phase heat transfer
data were obtained by systematically varying the air or water #tag iand the pipe inclination angle.

Figure 25 provides an overview of the pronounced influence of the flowrpasuperficial liquid Reynolds
number (water flow rate) and superficial gas Reynolds numbefldai rate) on the two-phase mean heat transfer
coefficient in horizontal pipe flows. The results preseintdeig. 25(a) clearly show that two-phase mean heat transfer
coefficients are strongly influenced by the liquid superficieyidlds numberRe;). As shown in Fig. 25(a), the heat
transfer coefficient increases proportionallyRes, increases. In addition, for a fixdéths, the two-phase mean heat
transfer coefficients are also influenced by the gas sof@rReynolds numbeiRgg) and each flow pattern shows its
own distinguished heat transfer trend as shown in Fig. 25(b). Typibaby transfer increases at |8&g (the regime
of plug flow), and then slightly decreases at the mid randfegf(the regime of slug and slug-type transitional flows),
and again increases at the hivda (the regime of annular flow).
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Figure 25. Variation of two-phase heat transfer coefficients with sciper
liquid and gas reynolds numbers in a horizontal flow.



Proceedings of ENCIT 2004 -- ABCM, Rio de Janeiro, Brazil, Now R8c. 03, 2004, Invited Lecture — CIT04-IL10

4000 L L
——@——  Horizontal
— — — 2 Degrees
— —&— — 5 Degrees
3000 4 | ~7O-—— 7Degrees L
Re. =5000
'Q SL
o
£
E 2000 A o
n_é
=
=
1000 A o
0 T T
1000 10000 100000
Regq
(a) Re;. = 5000
4000 L L
3000 A o
'
o
£
= 2000 -
&
o
E'_
Reg =12000
1000 + ——@—— Horizontal | [
—_— - — 2 Degrees
— —&— — 5 Degrees
———-—— 7Degrees
0 T T
1000 10000 100000
Regq
(b) Rey_ = 12000
4000 L L
3000 A o
'
o
E
= 2000 -
&
o
E'_
Reg = 17000
1000 - ——e—— Horizontal | [
<O 2 Degrees
——-w——— 5Degrees
——-— 7 Degrees
0 T T
1000 10000 100000

Regq

(c) Res, = 17000

Figure 26. Inclination effects on overall mean heat transfer coeticien



Proceedings of ENCIT 2004 -- ABCM, Rio de Janeiro, Brazil, Now R&c. 03, 2004, Invited Lecture — CIT04-IL10

To complicate matters even further, we also studied tletedf inclination angle on two-phase heat transfer in
pipe flows for different flow patterns. To demonstrate theceféd inclination we have selected three representative
runs from the results presented in Fig. 25@®s( = 5000, 12000, and 17000) and varied the inclination angle of the
pipe, going from the horizontal position t&, %°, and 7 upward inclined positions. Figure 26 shows the heat transfer
results for these cases. The results clearly show tHeghé ghange in the inclination angle (sa3) Bas a significant
positive effect on the two-phase heat transfer and the eféeceases with increasing the inclination angle. The figure
also shows that the effect of inclination on the two-phase heat trésy complicated and depends on &g and
the flow patternResg). At low Re;. values the effect is significant and decreases with istrgRe; Also for a fixed
Re;. as the flow pattern changes (increasiRgg), the enhancement in two-phase heat transfer due to immfinat
decreases. The figure shows that not &8y, Ress, and flow pattern but also inclination affects the two-phase heat
transfer. In general, the typical trend of heat transfer shawrig. 25(b) was also repeated in the inclined cases.
However, the results clearly show that a slight change imthi@ation angle has a significant effect on the two-phase
heat transfer, especially in the mid rang®efs Therefore, to fully understand the two-phase heat transfer behavior in
inclined pipes, further systematic research is required to ffeitliize the complicated relationship that exits between
Res, Ress and flow pattern.

In order to conduct a more detailed comparison, the data mattténfiow patterns between horizontal and
inclined flows were selected and compared to see how much he&trtianseased in the inclined cases. Note that as
the test section was inclined in the upward position, the flow patterngahaases were changed; for example, wavy-
type transitional flow patterns in horizontal flow were changedltig-type transitional flow patterns. A total of 68
horizontal flow data points were compared with their corresponditigedcflow data. The detailed results are shown
in Table 9. As shown in the table, slug flow shows the biggestt effetvo-phase heat transfer due to inclination. At
the 5 upward inclined position, slug flow had an average increase of 4adgaffist horizontal flow. In contrast,
annular flow, which is the flow mainly driven by inertia forcégas phase, shows little effect on heat transfer due to
inclination at 2 position.

Table 9. Increases of inclined fldw aginst horizontal flovin,.

Horizontal 2° 5° I
Pattern O o O o O .
(No. Data) Re. Ree Php |0°t02|0°t05 2°t05 |0°to7” 2°to 7 5°t0 7
Wm’E] | [%] | [%] [%] | [%] [%] [%]

Plug MIN |16979 1651 2435 4.4 5.5 -1.4/ 123 04 -0.5
®) MAX | 25510 2535 4096 15.7| 269 97/ 273 118 80
AVG | - - - 106 | 147 36| 194 79 4.2
Siug MIN | 4777 2026 605 133| 128  -54 14 -6.6  -13.1
(25) MAX | 25321 7479 4013 | 554| 884 248 936 281 51
AVG | - - - 308 | 453 106| 375 44 55
Slug/Bubbly MIN | 6801 7346 921 16.6| 237 09 17 -2.8  -11.6
(10) MAX | 21640 12942 3295 | 383 | 722 25 768 318 54
AVG | - - - 265 | 428 127| 359 7 -5.1
Slug/Bubbly/Annula MIN | 6810 20723 1369 2 7.1 35 7 2.9 -1.5
(10) MAX | 16453 24879 3439 233 | 443 17 511 225 6.0
AVG | - - - 96 | 207 101 225 117 13

Annular MIN | 4793 28281 1374 -1.6 | 3.2 4.2 4.4 2.3 -1.8
(16) MAX | 9678 47578 2461 57 | 242 219/ 341 307 193
AVG | - - - 2 121 99| 211 187 79

Certain flow patterns, such as plug flow, slug/bubbly/annular floa,annular flow, showed that the heat transfer
rate increased as the test setup was inclined froopQ@o 7. However, the other flow patterns, which are slug flow
and slug/bubbly flow, had the maximum increase at thie@ination position, and then the effect of inclination was
decreased at°7 Most of all, the effect of inclination on the heat transfemai-phase gas-liquid flow is significant in
the slug and slug/bubbly flow patterns, which had an increase ihetltetransfer which was much more than the
average increase of 20% compared to the horizontal flow. eTbleservations are well presented in Fig. 27. The
comparison results presented in Table 9 and Fig. 27 indicatehtéhatug and slug/bubbly flows show a much more
pronounced enhancement in the two-phase heat transfer at all inclinafiesm iar@pmparison to the other flow patterns
shown (plug flow, slug/bubbly/annular flow, annular flow). The differendesden the two groups of flow patterns has
to do with the degree of mixing between each phase and the fioecéacarried by each phase against the buoyancy
force.
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For a more detailed look at the effect of inclination on heat transfer in two-gasdiguid flow, the increase mp
versusRe;, for each flow pattern is presented in Fig. 28. As shown in theefigxcept for the case of annular flow, all
other flow patterns indicated that the effect of the inclination aReywas significantly high and then decreased with
increasingRe;.. In the case of slug flow, the increase in the heat transteras much as 94% Rg;. of around 5000
and at the Sinclined position. However, it dropped to around 13%Rej. of around 25,000. This drop can be
expressed as a drastic change in the effect of inclinationeonetit transfer. The other flow patterns, except annular
flow, show a similar trend as that of slug flow. These trefsvsthat the increase of the inertia force in the fluid
phases suppresses the effect of inclination.
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The effect of inclination on heat transfer in non-boiling two-phase gas-lilpuichias been presented in many ways
to better understand the mechanisms involved. As presented @edhitsn, heat transfer in non-boiling two-phase gas-
liquid flow is influenced by each dRe;, Resg flow pattern, and inclination angle in a very complicated wayh Wi
increasingRe;, heat transfer proportionally increased regardless of theofesie factors. By varyindRess the
distinguished trends of heat transfer by flow patterns were observed. riat@esignificant changes were observed in
the two-phase heat transfer of air-water flow with a slight upwardatain of the pipe from the horizontal position.

The inclined heat transfer results presented in this sediothé different flow patterns shed some light on the
effect of inclination angle on the two-phase heat transfer féerent flow patterns, and at the time raises a few
additional questions. What is the relationship among the inclinatide,ahg flow pattern, and heat transfer? How
much enhancement for a specific flow pattern should one expetd dhudination? What is optimum inclination angle
for enhancement? These questions require systematic he&trtnaesasurements for a variety of flow patterns and
inclination angles.

6.7 Heat transfer correlations for horizontal and inclined slug and anniar flows

In an earlier section of this paper we presented a two-pleaddrhnsfer correlation for horizontal flow in pipes,
see Eq. (62) and Table 8. In this section we will continue thatt éffomodifying our proposed general heat transfer
correlation to account for inclination effect on two-phase heasfea For this purpose we will use our horizontal and
inclined slug and annular flow heat transfer results presentdliacussed in conjunction with Figs. 25 to 28. The
modified form of our general correlation, Eq. (62) with inclusion of an inclinatictorfés:

o xma”Per,u_Gq gDSing
e = A=y 1€ [1‘)() (1‘0'j (PrLj [,UL] £1+ usL ] o

whereh_ comes from the Sieder and Tate (1936) heat transfer ¢mme(gsee Tableérror! Reference source not
found.).

To determine the values of the leading coeffici€)tgnd constantsi, n, p, g, r) in Eqg. (65), the horizontal and
inclined experimental data of Ghajar et al. (2004a,b,c) for slugaandlar flows were used. For slug flow, we used a
total of 140 data points with 36 points in the horizontal oriestat87 points at 2incline, 34 points at %incline, and
33 points in the 7incline position. For annular flow, we used a total of 155 data poithisA points in the horizontal
orientation, 16 points at’2ncline, 46 points at%incline, and 46 points in the Tcline position. Table 10 and Fig. 29
provide the details of the correlation and how well the proposedlaton predicted the experimental data. For slug
flow, the correlation predicted the experimental data with an dveedn deviation of —1.08%, ams deviation of
11.2%, and a deviation range of —39.9 to 16.7%. Only 9 of the 140 data weir® predicted with more than +20%
deviation. For annular flow, the correlation predicted the experiingatia with an overall mean deviation of 0.75%,
anrms deviation of 11.4%, and a deviation range of —24.3 to 22.3%. Onlyt& df55 data points were predicted with
more than +20% deviation. Details of the range of the parametergnusedcorrelation are presented in Table 10.

Table 10. Curve-fitted constants, results of predictions ohtinzontal and inclined slug and annular air-water flow
experimental data, and the parameter range for eq. (65).

Value ofC and Exponents No. of Range of Parameter
(mn,p,aqr mean | rms Dev.
Exp. Data .
Dev. |Dev.| .. . Range gDSin
Data c Im In ; 6] | [%] within (%] R L] [L] Pre ) | s 2
P1a +20% & lli=x) |\1=a) ||Pr, ) |\ st
ﬂgg -39.9 :"0833 9.2x10% | 0.51 | 0.074 | 0.013|0
data 0.86] 0.35|-0.8 0.33| -0.67| 1.7 -1.08 112 131|to 2604 to to to to to
points 16.7 > 0.019 3.70 0.108 | 0.019|0.718
’l*g‘gu'ar 243 |2480|0.04 |434 |0.076 |0.014|0
data 1.4 | 0.35/0.045| 0.33| -0.67| 0.26 0.75 11|14 147|to to to to to to to
points 22.3 9851 | 0.255 14.09 |0.124 | 0.022| 4.583
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Figure 29. Comparison of the predictions of the recommended heat transfer
correlation, eq.(65),with the horizontal and inclined slug and annular air-water
flow experimental data.

Considering the values of the exponents given in Table 10 forasidgannular flows, note the considerable
differences in the values of the exponent of the void fractatio r[a/(1-a)], n, and the inclination factor
[1+(gDSin@)/(u’s)], r, for both flows. Aside from the exponents ‘n’ and ‘r’, thetref the exponents are the same for
both flows. For the annular flow, the exponent ‘n’ is nearly negligiblé the exponent ‘r' has a value much smaller
than that of the slug flow. The small value of ‘r meang thannular flow, the inclination factor contributes less in
comparison to the slug flow. Physically this means that in anfioley the inertia force carried by the gas phase is
more dominant than the buoyancy force, thus, the inclination faatolittle effect on the annular flow. In reference to
the exponent ‘n’ for the void fraction ratio, it was shown in section 6.2 that the vdidfrads comparable to the gas-
liquid diameter ratioDg/D,. Considering the annular flow, due to the presence of a permanedtfilm which covers
the inside wall of the pipe, the effective circumferential heat transfarstays fairly constant. Thus, the contribution of
the void fraction ratio is minimal. In the case of the annular flow this meanmastalegligible value for the exponent
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‘r'. These conclusions are based on a limited set of experdindata and flow patterns. We will pursue this line of
reasoning with additional data that we plan to collect in our experimentéyfaci

These results provide additional validation on the robustness of our proposed two-phé&smsfer correlation. In
addition, the modification made to the general heat transfer correlation to acodiet éffect of inclination appears to
be correct. We will continue our validation of the proposed modifiectrgé heat transfer correlation, Eq. (65), by
comparing it with additional two-phase inclined heat transfer datalifferent flow patterns as the data becomes
available from our laboratory.

7. Future plans

As it was presented in section 6 of this paper, we have mdaaleof progress in understanding the heat transfer
characteristics of non-boiling, two-phase, air-water flow irtieal, horizontal, and inclined pipes for a variety of flow
patterns. However, we still have a long ways to go. In order to dawvech better understanding of the heat transfer
mechanism in each flow pattern and different pipe orientatioms,plan to perform systematic heat transfer
measurements to capture the effect of several paremthtg influence the heat transfer results. We will compiéme
these measurements with extensive flow visualizations.

We also plan to take systematic isothermal pressurendegigurements in the same regions that we will obtain or
have obtained heat transfer data. We will then use the pressure drop data thradi§ied Reynolds Analogy” to back
out heat transfer data. By comparing the predicted heat transfer reauitt agr experimental heat transfer results, we
would be able to establish the correct form of the “modified Reynabddody”. Once the correct relationship has been
established, it will be used to obtain two-phase heat transfer data for the rbgtahsget limitations of our experimental
setup we did not collect heat transfer data. The additionabtasls stage would be collection of isothermal pressure
drop in these regions.

The above-mentioned systematic measurements will allow us to developkete database for the development of
a “general’ two-phase non-boiling heat transfer correlation whicloumts for the influence of flow orientation and

flow pattern.
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