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Non-Boiling Heat Transfer in Gas-
Liquid Flow in Pipes — a Tutorial

Abstract. In this tutorial the fundamentals of rloziting heat transfer in two-phase two-
component gas-liquid flow in pipes are presentedihe techniques used for the
determination of the different gas-liquid flow patis (flow regimes) in vertical,

horizontal, and inclined pipes are reviewed. Thédlg and limitations of the numerous
heat transfer correlations that have been publisirethe literature over the past 50 years
are discussed. The extensive results of the redmrdlopments in the non-boiling two-
phase heat transfer in air-water flow in horizontahd inclined pipes conducted at
Oklahoma State University’s Heat Transfer Laborgt@re presented. Practical heat
transfer correlations for a variety of gas-liquithfv patterns and pipe inclination angles
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Introduction

The expression of ‘two-phase flow’ is used to dibecrthe
simultaneous flow of a gas and a liquid, a gas ansblid, two
different liquids, or a liquid and a solid. Amortgese types of two-
phase flow, gas-liquid flow has the most complexitye to the
deformability and the compressibility of the phaseso-phase gas-
liquid flow occurs extensively throughout industriesuch as solar
collectors, tubular boilers, reboilers, oil and gomal wells, gas
and oil transport pipelines, process pipelines, ag@vtreatments,
refrigerators, heat exchangers, and condensers.

The knowledge of heat transfer in two-phase gasdidjow is
important in these industrial applications for emmical design and
optimized operation. There are plenty of practieaamples in
industries which show how the knowledge of heatdfer in two-
phase flow is important.

As an example, since slug flow, which is one of teenmon
flow patterns in two-phase gas-liquid flow, is aegmnied by
oscillations in pipe temperature, the high pipe lwamperature
results in ‘dryout’, which causes damages in thenulal process
equipments, convectional and nuclear power gemegratystems,
refrigeration plants and other industrial devicétedtroni et al.,
1998a,b; Mosyak and Hestroni, 1999).

Another example is in the field of petroleum industThe
petroleum productions, such as natural gas ancecoildare often
collected and transported through pipelines locateder sea or on
the ground. During transportation, many pipelinasyca mixture of
oil and gas. In the process of transportation kiewledge of heat
transfer is critical to prevent gas hydrate and weposition
blockages (see Fig.1), resulting in repair, repiaent,
abandonment, or extra horsepower requirements (hskyj 1999;
Kim, 2000). Some examples of the economical losaesed by the
wax deposition blockages cited by Fogler (2004) diect cost of
removing the blockage from a sub-sea pipeline - rlion;
production downtime loss (in 40 days) - $25 milliamd cost of oil
platform abandonment (Lasmo, UK) -$100 million.
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Figure 1. Wax deposition blockage in pipelines; ad
(2004).

opted from Fogler

The objectives of this tutorial are to briefly peas the
fundamentals of non-boiling heat transfer in twagdh gas-liquid
flow in pipes, review the available non-boiling h&ransfer data and
correlations that exist in the open literature, pnekent an overview
of the research that has been conducted at OklahState
University’s Heat Transfer Laboratory over the psesteral years on
non-boiling, two-phase, air-water flow in verticdlprizontal, and
inclined pipes for a variety of flow patterns.

Nomenclature

A = cross sectional area’m

C = constant value of the leading coefficient isE§2) and
(65), dimensionless

¢ = specific heat at constant pressure, Kii/kg

D = inside diameter of a circular tube, m

F = modified Froude number in Taitel and Dulker {&p flow
map, Eq. (36), dimensionless

Fr = Froude number, Eq. (28), dimensionless

G = mass flux or mass velocity, ko

g = acceleration due to gravity, f/s

h = heat transfer coefficient, WK

h, - heat transfer coefficient as if liquid alone wetewing,
W/Im?K

hrp = overall two-phase heat transfer coefficient, E82),
W/mPK

| = current, A

i = index of the finite-difference grid points, iadial direction
start from the outside surface of the tube, dinweriess
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j = index of the finite-difference grid points, freripheral
direction start from the top of the tube and insieg
clockwise, dimensionless

K = slip ratio, Eq. (13), dimensionless

K = wavy flow parameter in Taitel and Dulker (197@w map,
Eq, (37), dimensionless

k = thermal conductivity, W/

L =length, m

m = constant exponent value on the quality ratimtie Eqgs.
(62) and (65), dimensionless

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

Ng: = number of thermocouple stations, Eq. (52), dsi@tiess

Nty = number of finite-difference sections in theipleeral
direction which is equal to the number of thermqaies at
each station, dimensionless

Nu = Nusselt number, Eq. (31), dimensionless

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

n = given direction in Eq. (39)

Pe = Peclet number, Eqg. (33), dimensionless

Pr = Prandtl number, Eq. (32), dimensionless

p = constant exponent value on the Prandtl nundiir 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 ftatim in Eqgs.
(62) and (65), dimensionless

g = heat transfer rate, W

g" = heat flux, W/r

R = resistanceQ
R, = liquid holdup or liquid fraction, dimensionless

Re = Reynolds numbe#r, /7Dy  dimensionless

Rq - liquid in-situ Reynolds number, Eq. (63), dimensess

Re, = ixture Reynolds number in Ueda and Hanaoka (1,967
dimensionless

Rerp = two-phase flow Reynolds number, dimensionless
=Reg /(L-a) in Chu and Jones (1980)

=GgD/ur Where G is mass flow rate of froth and

Hr=HwarertHar)/2 in Dusseau (1968)
= Re + Regg in Elamvaluthi and Srinivas (1984) and
Groothuis and Hendal (1959)

r = constant exponent value on the inclinationdaat Eq. (65),
dimensionless

r = radial coordinate, m

ro = inside radius of a tube, m

Ar = incremental radius in the finite-differencedynmn

St = Stanton number, Eq. (34), dimensionless

T = dispersed bubble flow parameter in Taitel andkBr
(1976) flow map, Eq. (35), dimensionless

T = temperature, K

u = axial velocity, m/s

v = specific volume, ritkg

X = Martinelli parameter, dimensionless

X1t = Martinelli parameter for turbulent-turbulentvitd=((1-
X)) pe/pL )3 (1 /He) Y, dimensionless

x = quality or dryness fraction, Eq. (8), dimensess

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

z = axial coordinate, m

Az = length of element in the finite-difference gnd

Greek Symbols
a = void fraction, dimensionless

y = electrical resisivitypQImh

A = designates a difference when used as a prefix

K = dynamic viscosity, Pa-s

@ = two-phase frictional multipliers, dimensionless

Y = ratio of two-phase to single-phase heat transfefficients,
dimensionless

p = density, kg/m

0 = inclination angle of a pipe to the horizontald r

Superscript

~=local mean

Subscripts

a = momentum component in pressure gradient

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

i = index of the finite-difference grid points, iadial direction
start from the outside surface of the tube, dintarisss

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

k = index of thermocouple station in test section

L = liquid phase

LO = total mixture flow as liquid

m = mixture

OUT = outlet

r = radial direction

ro = at the tube radius

SG = superficial gas

SL = superficial liquid

T = total mixture flow

TP = two-phase

TPF = two-phase frictional

W = wall

Abbreviations

A = air or annular flow

B = bubbly flow

B-S = bubbly-slug transitional flow (other combiioais with
dashes are also transitional flows)

C = churn flow

F = froth flow

H = horizontal

M = mist flow

S = slug flow
V = vertical
W = water

Definitions of Variables Used in Two-Phase Flow

In internal gas and liquid mixture flow, the gagldiguid are in
simultaneous motion inside the pipe. The resultimg-phase flow
is generally more complicated physically than saghase flow. In
addition to the usual inertia, viscous, and pres$arces present in
single-phase flow, two-phase flows are also affidig interfacial
tension forces, the wetting characteristics of ltheid on the tube
wall, and the exchange of momentum between thedlignd gas
phases in the flow. Also, since the flow conditionsa pipe vary
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along its length, over its cross section, and witte, the gas-liquid
flow is an extremely complex three-dimensional siant problem.
Thus, most researchers have sought simplified ghtsers of the
problem which are both capable of analysis andirrataportant
features of the flow. The descriptions, or defons of variables,
presented here is that of one-dimensional flow {in conditions
in each phase only vary with distance along theeludnd it is
perhaps the most important and common method deseldor
analyzing two-phase pressure drop and heat transfer
The total mass flow rate through the tube is tha sfithe mass
flow rates of the two phases
m =g + M 1)
The following definitions for mass fluxes (or massocities)
are commonly used in the two-phase flow literature

G =2 (2)

G = 3)
=m

=2 (4)

where the total cross sectiof, is the sum of the cross-sections

occupied by the gas and liquid phases

A=Ag+A (5)

The volume flow rates of gaQ§) and liquid Q.) are defined as

Qs = Ag Ug =Gg Vg (6)

QL=A U =G v, @
The mass flow ratio (also often referred to asréti® of the gas

flow rate to the total flow rate) is called the &y’ or the ‘dryness
fraction’ and is given by

®

In a similar fashion, the value ofl—x=rm /m is sometimes
referred to as the ‘wetness fraction’.
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XMmvg

UsG = =Gg vg (11)
and the liquid superficial velocity is
@L-x)mv
USLZTL:GL VL (12)

The ratio of the phase velocities or the velocyia as it is
normally called is

(13)

whereK is often referred as the ‘slip ratio’. It is udyajreater than
unity which means thats is usually greater than.

The mixture density is
Pm=0apc +A-a)p. (14)

The homogeneous density assumes both phases legartie
velocity K = 1) giving

_ 1
(Xl pg) + =X/ py

PH 15

The mixture and homogeneous specific volumes aengis

_Xvg + K(@-x)v_

X+ K (@-x) (16)

m

Vh =X Vg + @-X)v, a7)
The static pressure gradient during two-phase upwaalined
flow in a pipe at an angl@ to the horizontal is the sum of the
frictional, accelerational (momentum), and grauitaal components

of pressure gradient

dp_dp|  dp|  dp

dz dz|; dz, dzg 18)
=% +% +9 P Sind
dz|; dz|,

The symbolAp;, is used to indicate a pressure rise between

The void fraction is the ratio of the gas flow @@®ctional area points 1 and 2 along a flow path, amds the distance between

to the total cross sectional area

a=-% 9
A (9)
and the liquid fraction or liquid holdup is
R =1-a = Y (20)

points 1 and 2. Hence,

@dz

iz (19)

Apy :hz

The static pressure drop given by Eq. (18) carxpeessed as
—Apyp = —Aps 12~ APa12 = APy 12 (20)

The two-phase frictional pressure gradients arenoéixpressed

The superficial-phase velocities are the velocities the phases in terms of a two-phase multiplier (two-phase fdotl pressure

would have if they flowed alone in the pipe. Thes gaperficial
velocity is therefore defined as

48 [ Vol. XXVII, No. 1, January-March 2005

gradient = single phase frictional pressure gradiertwo-phase
multiplier). The following two-phase multipliers wee defined by
Lockhart and Martinelli (1949).
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2 — (dp/dZ)TP (21)
(dp/d2)g |,

- (dp/dZ)TP 22

(é (dp/dZ)SG f ( )

Lockhart and Martinelli proposed a useful parambterelating
the frictional pressure drop multiplieusf and ¢é to the parameter

X2 which is given by Eq. (23). This new parameteeferred to as
the Martinelli parameter.

2 _ (dp/d2) g,

= 23
(dp/d2) 5| @

For evaporating or condensing systems, it is ofteare
convenient to relate the two-phase frictional puesgradient to the
frictional pressure gradient for a single-phasevflt the same total
mass velocity and with the physical propertieshaf liquid or gas
phase. Friedel (1979) proposed the following twagghmultipliers

@y and g, for this case

> _(dp/d2)7p 24
® " (dp/d2) o] @y
> _(dp/d9)7p o5
760 = ap/dd ool =

In the literature, there are several definitions Réynolds
number in two-phase gas-liquid flow. Among themege tmost
commonly used one is the superficial liquid and @aynolds
numbers. The superficial liquid Reynolds numberd&fined by
assuming the liquid component flows alone

_(@-xGD

Rey
- He

(26)

and the superficial gas Reynolds number is simgilaéfined by
assuming the gas component flows alone

(27)

Resg =
¢ Ho

In correlating two-phase flow friction factor datat times
Froude number is used. Froude number is propoltimnénertial
force)/(gravitational force) and is used in momenttransfer in
general and open channel flow and wave and surfet®vior
calculations in particular. It is normally definéd the following
form

2
Fr="_ (28)
gL

whereL in Eq. (28) is the characteristic length. For dipg/, L may
be replaced bip.

Heat transfer coefficient is described in genesal a
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I L CAp T

= (29)
Tw—Ts Tw-Tg

Often, for the purpose of developing correlatighs, ratio of the
two-phase flow heat transfer coefficiefitz;p to the single-phase
liquid flow heat transfer coefficiertt, is presented as

(30)

whereh, is the heat transfer coefficient as if the ligaidne were
flowing in the pipe.

Nusselt number is  proportional to (total heat
transfer)/(conductive heat transfer) and is usethd@at transfer in
general and forced convection calculations in paldr. It is
normally defined in the following form

hD
Nu=—— 31
” (31)
Prandtl number is  proportional to  (momentum

diffusivity)/(thermal diffusivity) and is used inehat transfer in
general and free and forced convection calculatiornsarticular. It
is normally defined in the following form

uc

Pr==- (32)

Peclet number is proportional to (bulk heat tran)ffeonductive
heat transfer) and is used in heat transfer in rgérend forced
convection calculations in particular. It is equérdg to RePr It is
normally defined in the following form

uD
k/pc

Pe= (33)

Stanton number is proportional to (heat transfidffmal
capacity of fluid) and is used in heat transfeg@meral and forced
convection calculations in particular. It is equérd toNW(ReP)). It
is normally defined in the following form

St:i
pcu

(34)

In this section, the definitions of the basic vhalés used in non-
boiling heat transfer in two-phase gas-liquid flamv pipes were
introduced. In the next section, the common gasdidlow patterns
(flow regimes) that typically appear in upward ieat, horizontal,
and slightly upward inclined pipes are introduc®¥de will also
review the flow maps associated with these flowtguas that
commonly appear in the literature.

Flow Patterns and Maps

For two-phase gas-liquid flow, the two phases faaveral
common flow patterns or flow regimes due to the wiameous
interaction by surface tension and gravity forceege flow patterns
decide the important characteristics of two-phaas-lgjuid flow.
Thus, many studies have been conducted on thenuetgion of
flow patterns and the development of flow maps.

In this section, the basic flow patterns in gasligflow in
vertical, horizontal, and slightly upward inclinedipes are

January-March 2005, Vol. XXVII, No.1 /49



introduced. The flow maps that commonly appearetthéniterature
are also presented here.

Flow Patterns

Whenever two fluids with different physical propest flow
simultaneously in a pipe, there is a wide rangepadsible flow
patterns or flow regimes. By flow pattern, we refer the
distribution of each phase relative to the otheasgh Important
physical parameters in determining the flow pateme (a)Surface
tension — which keeps pipe walls always wet and which setal
make small liquid drops and small gas bubbles $pdierand (b)
Gravity — which (in a non-vertical pipe) tends to pull figuid to
the bottom of the pipe. Many investigators haverafited to predict
the flow pattern that will exist for various setf aonditions, and
many different names have been given to the vanpatterns. Of
even more significance some of the more reliabésgure loss and
heat transfer correlations rely on a knowledge xiktmg flow
pattern. In addition, in certain applications, totample two-phase
flow lines from offshore platforms to on-shore fi@s, increased
concern has grown regarding the prediction of ndy dhe flow
pattern, but expected liquid slug sizes.

There is no standardized procedure to determinelatterns or
flow regimes because of their complexities. Thamfin this study,
the definitions of main two-phase flow patternsvartical upward,
horizontal, and slightly upward inclined tubes paity follow the
classifications of Hewitt (1982) and Whalley (199@)ich are well
known and widely used in the literature.

Vertical Flow Patterns

The common flow patterns for vertical upward flothat is
where both phases are flowing upwards, in a circtlde are

illustrated in Fig. 2. As the quality, is gradually increased from

zero, the flow patterns obtained are:

-
nne'a
. N )
CLUN

l I ' W

Annular

Bubbly Slug Churn Wispy-Annular

Figure 2. Flow patterns in vertical upward flow in a tube.
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characteristic of flows with high mass flux and wa®posed by
Hewitt (1982).

In addition, the word Froth’ is sometimes used to describe a
very finely divided and turbulent bubbly flow appahing an
emulsion, while on other occasions it is used tecdbe churn flow
(Chisholm, 1973).

Horizontal and Slightly Upward Inclined Flow Patterns

Predictions of flow patterns for horizontal flow & more
difficult problem than for vertical flow. For howntal flow, the
phases tend to separate due to differences intgeoausing a form
of stratified flow to be very common. This makes theavier
(liquid) phase tend to accumulate at the bottonthefpipe. When
the flow occurs in a pipe inclined at some angtepthan vertical
or horizontal, the flow patterns take other forimsthese situations,
a form of slug flow is very common. The effect ahygty on the
liquid precludes stratification. The common flow tieans for
horizontal and slightly upward inclined flows inraund tube are
illustrated in Fig. 3. Flow patterns that appeareh@re more
complex than those in vertical flow because thesigational force
acts normal to the direction of the flow ratherrttgarallel to it, as
was the case for the vertical flow, and this resirtthe asymmetry
of the flow. As the qualityx, is gradually increased from zero, the
flow patterns obtained are:

Plug

Stratified

Wavy

Slug

Dispersed
Bubble

Annular

Figure 3. Flow patterns in horizontal and slightly
a tube.

upward inclined flow in

Bubbly flow: the gas (or vapor) bubbles are of approximately Plug flow: the individual small gas bubbles have coalesced t

uniform size.

produce long plugs. In the literature sometimes fthes pattern

Slug flow: the gas flows as large bullet-shaped bubbles€theobserved at very low flow quality, prior to the gltiow, is referred

are also some small gas bubbles distributed thiautgthe liquid).
This flow pattern sometimes is callBtug flow.

Churn flow: highly unstable flow of an oscillatory naturepth
liquid near the tube wall continually pulses up dogvn.

to asBubbly 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 thas thi

flow pattern does not usually occur; the interfec@lmost always

Annular flow : the liquid travels partly as an annular film t)et  wavy as in wavy flow.

walls of the tube and partly as small drops disted in the gas
which flows in the center of the tube.

Wispy-Annular flow: as the liquid flow rate is increased in

Wavy flow: the wave amplitude increases as the gas velocity
increases.
Slug flow: the wave amplitude is so large that the wavehesc

annular flow, the concentration of drops in the gase increases; the top of the tube.

ultimately, droplet coalescence in the core leadfaige lumps or
streaks (wisp) of liquid in the gas core. This flgyattern is

50 / Vol. XXVII, No. 1, January-March 2005

Dispersed Bubble flow many small gas bubbles are distributed
uniformly across the entire tube cross section wtien gas and
liquid velocities are high.
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Annular flow: similar to vertical annular flow except that thepatterns and transitions. Complex flow pattern maps different

liquid film is much thicker at the bottom of thebithan at the top.

axes for different transition regions. The follogiare examples of

The termintermittent flow is also used in the literature to refersome common flow pattern maps in the literature.

to the presence of plug and slug flows togethernyMiesearchers
define other flow patterns, and nearly a hundrdtemint names
have been used. Many of these are merely altemagwes, while
others delineate minor differences in the main flpatterns. The
number of flow patterns shown in Figs. 2 and 3 plibp represent
the minimum which can sensibly be defined. Furtereral details
can be found in Hewitt (1982).

Flow Pattern Determination

As suggested earlier it is important in the analysi the two-
phase flow systems to classify the flow into a nembf ‘flow
patterns’ or ‘flow regimes’. This helps in obtaigira qualitative
understanding of the flow and will also lead tot&etprediction
methods for the various two-phase flow parametérsdetailed
discussion of flow pattern determination is givgnHewitt (1978).

The most straightforward way of determining thenflpattern is
to observe the flow in a transparent tube, or thhoa transparent
window through the tube wall. However, the phenoaneften occur
at too high a speed for clear observation and bjged
photography or related techniques must be usedortumfately,
even with high speed photography, it is not alwagssible to
observe the structure of the two-phase flow cleadye to the
complex light refraction paths within the medium.these cases X-
ray photography can be very useful.

The unreliability of photographic methods in cantai
applications has led some researchers to seek mti@niques for
flow pattern categorization. The most popular @sthis to insert a
needle facing directly into the flow and to measiine current from
the tip of this needle, through the two-phase fltmthe wall of the
tube. The current is displayed on an oscilloscope the type of
response is considered to be representative dfdwepattern. For
example, if no contacts are made between the needlehe wall,
one may assume a continuous gas core and, thudaafiow. High
frequency interruptions of the current indicate tlebflow, and so
on. Although the visual and contact methods aggasonably well,
where the flow pattern is clearly defined, discrepes arise in the
transition regions. The X-ray photography methodherefore more
reliable in examining these regions.

Four other techniques that have shown some proimigée
determination of flow pattern will be briefly inlaced here, refer
to Hewitt (1978) for additional details: (a) Elewithemical
measurement of wall shear stress - in heated taseliiow, the
wall shear stress measurements can be relateohigéttern; (b) X-
ray fluctuations — this method uses the instantaseneasurement
of void fraction, using X-ray absorption, as a neahdefining the
flow pattern; (c) Analysis of pressure fluctuationsneasurements
of fluctuating pressure have been used to ideffitfy pattern; and
(d) Multi-beam X-ray method — this method has beé#fective in
determination of flow patterns in horizontal tubesthis case the
flow is asymmetric and the distribution of void dtian can give
important clues about the flow pattern.

Due to multitude of flow patterns and the variooteipretations
accorded to them by different investigators, theegal state of
knowledge on flow patterns is unsatisfactory and uraform
procedure exists at present for describing andi€jéisg them.

Flow Pattern Maps

Flow pattern map is an attempt, on a two-dimensigraph, to
separate the space into areas corresponding twaheus flow
patterns. Simple flow pattern maps use the same fxeall flow
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Vertical Flow Pattern Maps

The commonly recommended map for gas-liquid upward

vertical flow is the Hewitt and Roberts (1969) m&m this map

(Fig. 4), each coordinate is the superficial momenfluxes for the
respective phases. The Hewitt and Roberts (1969) warks
reasonably well for air-water and steam-water sgsteHowever,
the transitions between the neighbor flow regimggear as lines,
which actually occur over a range of given coortinarms. Thus,
the transitions should be rather interpreted asdtmands than as
lines (Whalley, 1996; Kim, 2000).

"
b-10*
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Figure 4. Hewitt and Roberts (1969) map for vertic ~ al flow.

Horizontal Flow Pattern Maps

Taitel and Dulker (1976) introduced theoretical mlsdfor
determining transition boundaries of five flow negis in horizontal
and near horizontal two-phase gas-liquid flow. Ttheory was
developed in dimensionless form, and the flow regimoundaries
were introduced as a function of four dimensionlpasameters.
One is the Martinelli parameteX, and the rest of them are defined
as follows:

1

dp/d2) 2
_ |(dp/d2) 5| (35)
(oL = pg) g cosd
E= Pc Usc (36)
PL ~ Pc \/Dg cosf
1
K :F(—DUSLJZ = F Re? 37)
VL

The theoretically located transition boundariesMeein adjacent
regimes for horizontal tubes were shown as a ghknedatwo-
dimensional map (see Fig. 5).
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Figure 5. Taitel and Dulker (1976) map for horizon  tal flow.

Weisman et al. (1979) studied the effects of flpidperties
(liquid viscosity, liquid density, interfacial teos, and gas density)
and pipe diameters [1.27cm to 5.08cm (0.5in to RM)] on two-
phase flow patterns in horizontal pipes. The floattgrn data
resulted in an overall flow pattern map (see F)gn6éterms ofusg
andus;, and dimensionless correlations were introduoegrder to
predict the transition boundaries.
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Figure 6. Weisman et al. (1979) map for horizontal  flow.

Spedding and Nguyen (1980) provided flow regime snfy
conditions from vertically downward to verticallypward flow
based on air-water flow data. Among 11 flow pattenaps
provided, the flow pattern map for horizontal flelvows four main
flow patterns (stratified flow, bubble and slugviiodroplet flow and
mixed flow) and further 13 flow pattern subdivissonf the main
flow patterns (see Fig. 7).
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Figure 7. Spedding and Nguyen (1980) map for horiz  ontal flow.
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Slightly Upward Inclined Flow Pattern Maps

Small tube inclination angles are common in indabktr
applications, such as pipelines on the sea bedssipg over hilly
terrain. There are very few flow pattern data dod/ fpattern maps
available in the literature for tubes with smalgks of inclination.
There are some data available for steeply inclinkds. However,
most of the available information is for vertical fmorizontal tubes.
The very limited available information on tubeswémall angles of
inclination shows that inclination angle in certagases does
influence the flow patterns. For example, the stafiarnea et al.
(1980) showed that the boundary of the stratifieterimittent
transition changed dramatically with small anglésnalination. In
contrast, according to Hewitt (1982), the boundarief the
intermittent—dispersed-bubble and annular-integmitttransitions
were not changed much with small angles of indlomatLater on in
this paper we will present some of the results of study for
upward inclination angles of°25°, and ?. Flow pattern maps for
these small inclination angles are not availabli@literature.

Measurement Techniques

In non-boiling heat transfer in two-phase flow ipgs there are
three parameters of significance. These includespre drop, void
fraction, and heat transfer coefficient. In thistem the types of
methods employed for the measurement of these pripaameters
will be briefly discussed, see Hewitt (1982) forther details.

Measurement of Pressure Drop

In two-phase flow, measurement of pressure dropsents
special difficulties because of possible ambigaitié the content of
the lines joining the tapping points to the measydevice. Another
problem is that of pressure drop fluctuations, WHiend to be quite
large in two-phase systems. A further area of diffy is that of
making pressure drop measurements in heated sygpamtisularly
systems that are Joule-heated. Among the most tengdiechniques
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 hie tapping lines
must be known. In practice, this means that theslimust be filled
with either single-phase gas or single-phase liquUidfortunately,
the content of the lines can become two-phase hariety of
mechanisms such as: changes in pressure drop, rsatide or
evaporation in the lines, or pressure fluctuationsthe tube.
Generally improved performance can be obtained tmgipg the
lines continuously with liquid.

(2) Pressure drop measurement using subtraction of sigis
from two locally mounted pressure transducers- if a very rapid
response is required, then this method is the faagible technique
to use. The most obvious problem with this methothat signals
from two separate instruments are being measurddsabtracted,
and this obviously increases error. Special caetbae taken in
calibrating the transducers and in ensuring that dtputs are
properly converted to the required pressure drop.

(3) Pressure drop measurement using differential pressa
transducers— the reluctance-type and strain-gauge-type treaess
are most often used in theses applications. Thepest of
transducers have a sensitivity of about 0.1% t&0fGll scale, a
response time of about 10 to 2p8 and are very stable. Since
differential pressure transducers are operated tajiping lines, all
the problems with tapping lines described in thentext of
manometers also apply in this case.
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Measurement of Void Fraction

In two-phase flow, void fraction measurement is amant in
the calculation of pressure gradients and is relevio the
calculation of the amount of liquid and gas present system.
There are numerous methods that have been profosethe
measurement of void fractions. For practical puegothere are four
main types of void fraction measurement:

(1) Pipe-average measurementsthe average void fraction is
required over a full section of pipe. A conveniemtd practical
method for obtaining pipe-average measurementshés use of
quick-closing valves In this method, valves (which can be quickly
and simultaneously operated) are placed at thenbiegj and end of
a section of pipe over which the void fraction asbe determined.
At the appropriate moment, the valves are actuateti the liquid
phase trapped in the pipe is drained and its volomaasured. Since
the pipe volume is known or can be estimated, the-pverage void
fraction can be found. The valves can be linked hasically or
they can be operated by hand. For high pressutersgs solenoid
valves may be used.

(2) Cross-sectional average measurementsthe average void
fraction is sought over a given pipe cross sectibnis can be
achieved by using traversable single-beam radiatibsorption
methods, multibeam radiation absorption technigwesneutron-
scattering techniques.

(3) Chordal-average void fraction measurements— the
average void fraction is measured across the deroég pipe. This
type of measurement is usually achieved by meansdiftion
absorption methods.

(4) Local void fraction measurements— in this case void
fraction is measured at a particular position witkhe pipe using
local optical or electrical void probes. Usuallyistvoid fraction is a
time average at a point.

Measurement of Heat Transfer Coefficient

The heat transfer coefficient (defined as the ratithe heat flux
from a surface to the difference between the sarfamperature and
a suitably defined fluid bulk temperature) is okar importance in
two-phase flow systems. For non-boiling heat trangi gas-liquid
flow in pipes, the most accepted and practical otbtlef heat
transfer coefficient measurement is the usedivéct electrical
heating with external thermocouples In this method, alternating
or direct current is fed through low-resistancedeand current
clamps to the test section, which, typically, istainless steel tube
through which the current passes. The power geaserat the tube
is determined by the product of the measured ctutteat passes
through the tube and the voltage drop across the. the power
may be distributed nominally uniform if the wallidhness is
uniform, but nonuniform axial and circumferentiklx distributions
are possible through the use of variable wall thégs. Usually, the
temperature is measured on the outside of the wdlk with a
thermocouple; the thermocouple junction is eleathjcinsulated
from the tube wall, using an epoxy adhesive witghhthermal
conductivity and electrical resistivity. The lodalside tube wall
temperature and the local peripheral inside wadltHtix is then
calculated from measurements of the outside walptrature, the
heat generation within the pipe wall, and the traghysical
properties of the pipe material (electrical resisti and thermal
conductivity). From the local inside wall temperatuthe local
peripheral inside wall heat flux, and the localktémperature, the
local peripheral heat transfer coefficient can tcudated. An
example of the application of this method is thaté-difference
based interactive computer program developed byjashand
Zurigat (1991). A brief description of the finitéfgrence
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formulation and the equations used in the programg the
program’s capabilities will be presented next.

Finite Difference Formulation

The numerical solution of the conduction equatiathwiternal
heat generation and variable thermal conductivitg &lectrical
resistivity was based on the following assumpti¢@hajar and
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 conductivitiythe tube

wall are functions of temperature.

Based on the above assumptions, the expressiocalfaiation
of the local inside wall temperatures, heat flunddocal and
average peripheral heat transfer coefficients ezegnted next.

Calculation of the Local Inside Wall Temperature and the
Local Inside Wall Heat Flux

The heat balance on a segment of the tube watlyaparticular
station is given by (see Fig. 8)

NODE
CONTROL
VOLUME

(Q,j+1)
(i+1,)) :
fud

Z

Figure 8. Finite-difference grid arrangement (Ghaj  ar and Zurigat, 1991).

Og =01 +td2 +03+ 0y (38)
From Fourier’s law of heat conduction in a giveredtion n, we

know that

kadl
dn

q

(39)

Now substituting Fourier's law and applying the itén
difference formulation for the radiall) (and peripheralj) directions
in Eq. (38), we obtain:

4 = (ki,j *ki—1j) 272(r + Ar/2) Az (Tij —Ticaj)

40
2 NtH Ar (40)
_ (kij *ki ) (ArAz)( i)~ Tij+1) 41)
2 2mri /Nty
_(ki,j +Kisgj) 272(r - or/2) Az (T = Tisa,j)
3= (42)
2 N Ar
K +ki T =T o
q4:(|,] i, l)(AI’AZ)(I’] ij 1) (43)
2 27r; /N1y
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The heat generated in thejf elemental volume is given by:

4y =1°R (44)
SubstitutingR =yl /A and A= (277r; / Nty ) Ar into Eq. (44)
gives:

2 yhz

(27rr; /Ny ) Ar “o

dg =1

Substituting Egs. (40) to (43) and (45) into E@)(8nd solving
for Tis1; gives:

! yNTH—(K K1) ﬂ(r A'/Z(TJ Taj)
A Nryy
Tua) =T {06, o)) NT @ T.j %*m)”iﬁf}
5+, NTH(F T

(46)

Equation (46) was used to calculate the temperatfiréhe
interior nodes. In this equation, the thermal cmtiyity and
electrical resistivity of each node's control vokimere determined
as a function of temperature from the following &tipns for 316
stainless steel (Ghajar and Zurigat, 1991).

k = 727+ 0.0038T (47)

y=2767+ 0.0213r (48)

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

Calculation of the Local Peripheral and Local Average Heat
Transfer Coefficients
From the local inside wall temperature, the locatigheral

inside wall heat flux and the local bulk fluid teempture, the local
peripheral heat transfer coefficient could be dalad as follows:

h=q"/(Tw ~Tg) (49)

Table 1. Physical properties of air and water, Vij

A.J. Ghajar

Note that, in this analysis, it was assumed tha Bulk
temperature increases linearly in the pipe frominlet to the outlet
according to the following equation:

Tg =Tin +(Tout —Tin) X/L (50)

The local average heat transfer coefficient at estelion is
calculated by the following equation:

e =3/ [T i ¢

wherek is the index of a thermocouple station.

(Ts),] (51)

Overall Mean Heat Transfer Coefficient

The local average peripheral values for inside weatiperature,
inside wall heat flux, and heat transfer coeffitiemere then
obtained by averaging all the appropriate individaeal peripheral
values at each axial location. The large variation the
circumferential wall temperature distribution, whiés typical for
two-phase gas-liquid flow in vertical, horizontahda slightly
inclined tubes, leads to different heat transfafficients depending
on which circumferential wall temperature was swléc for
calculations. In two-phase flow, in order to owme the
unbalanced circumferential heat transfer coeffigidfg. (52) is
recommended for calculation of the overall mean-plvase heat
transfer coefficient, fp.

1 Nst_

2
Nst k

hrp (52)

whereNg, is the number of all thermocouple stations kiglthe
index of a thermocouple station.

Physical Properties of the Working Fluids

The computer program developed by Ghajar and Zu¢igi91)
also calculates the pertinent fluid flow and heatnsfer
dimensionless numbers. For this purpose the pHysioaerties of
the working fluids are needed. For example, for-hoiting two-
phase heat transfer in air-water flow in pipes, ghgsical property
correlations provided in Table 1 are recommendebysieal
property expressions for other working fluids caasily be
incorporated into the computer program.

ay (1978).

Fluid Equation for the Physical Property

(T = Temperature ifiF except where noted)

Range of Validity & Accuracy

0 (Ib/ft%) = pIRT

p <150 psi

wherepis in Ib/ft?, Tis in°R, and R = 53.34 fiby/Ib,,CR

Air ¢, (Btu/lbyF) = 7.54&10°T + 0.2401 -10sT<242,02%
4 (Ib/ftlr) = -2.63%10°T 2 + 6.81%10°T + 0.03936  -10<T<242,0.1%

k (Btu/hrift[OF) = -6.15410°T 2 + 2.59%10°T+ 0.01313 -10<T<242,0.2 %

0 (Ib/ft%) = (2.1010°T 2 — 1.30%10°T + 0.01602} 32<T<212,01%

Water % (BtU/I0,°F) = 1.33%10°T 2 - 3.37410°T + 1.018 32<T<212,03%

k (Btu/hiit(IF) = 4.72X10°T+ 0.3149

4 (b /ftr) = (1.20%10°T 2 + 3.86%10°T + 0.0946)

32<T<212,1.0%
32<T=<212,02%
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Data Reduction

case of air-water slug flow in a uniformly heatextihontal pipe. As
can be seen from Fig. 9, the output file has fastirttt sections to

The computer program developed by Ghajar and ZUsiga it. The first part of the output provides a detiummary of the

(1991) can also be used to reduce the experimeatalobtained for
non-boiling two-phase heat transfer in gas-liqlaavfin pipes under
uniform wall heat flux boundary conditions. As wlile discussed in
the next section, at Oklahoma State University'satH€ransfer
Laboratory, we have used this computer progranedoice our air-
water non-boiling heat transfer experimental daldne data
reduction portion of the program reads a raw didédefdr a test run
and then proceeds to perform all the required tatioms. The
results of the data reduction are saved in an ouifmifor that

particular test run. Figure 9 shows the data riéolucesults for the

specifics of a test run, the second part gives dewils of the
pertinent heat transfer and flow information athedttermocouple
station, the third part provides additional detai&g@ each
thermocouple station that is more suited for thestigment of heat
transfer correlations, and finally the forth ane tlast part of the
output gives information about the flow parametbeg are typically
used in determination of flow patterns through le&thed flow
maps.

RUN NUMBER 4649
FLOW PATTERN: S
Air-Water Two-phase Heat Transfer

Test Date: 01-04-2004
SI UNIT VERSI ON
LI QUI D VOLUVETRI C FLOW RATE : 1.351 [ 3/ hr]
GAS VOLUMETRI C FLOW RATE : 3.086 [m3/hr]
LI QUI D MASS FLOW RATE : 1351. 36 [kg/ hr]
GAS MASS FLOW RATE : 4.777 [kg/ hr]
LIQU D V_SL : 0.615 [m's]
GAS V_SG 1.406 [m's]
ROOM  TEMPERATURE 14.48 [(C]
I NLET TEMPERATURE 13.36 [C]
QUTLET TEMPERATURE : 14.32 [C
AVG REFERENCE GAGE PRESSURE : 26169.74 [Pa]
AVG LI QUID RE_SL : 14670
AVG GAS RE_SG 3399
AVG LI QUID PR 8.302
AVG GAS PR 0.712
AVG LI QUI D DENSI TY 1000. 3 [kg/ n3]
AVG GAS DENSI TY 1.548 [kg/ n3]
AVG LI QUI D SPECI FI C HEAT 4.200 [kJ/kg-K]
AVG GAS SPECI FI C HEAT 1.007 [kJ/kg-K]
AVG LI QUI D VI SCCSI TY 116. 92e- 05 [ Pa-s]
AVG GAS VI SCOSI 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 [Wnm2]
Q = AW*VOLT 1639.27 [W
Q= MC (T2 -T1) 1512.20 [W
HEAT BALANCE ERROR : 7.75 [
QUTSI DE SURFACE TEMPERATURE OF TUBE [ C]
1 2 3 4 5 6 7 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 [ C]
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
SUPERFI CAL REYNOLDS NUMBER OF LIQUI D AT THE | NSI DE TUBE WALL
1 2 3 4 5 6 7 8 9 10
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
| NSI DE SURFACE HEAT FLUXES [ W nt'2]
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 COEFFI Cl ENT [ W n2- K]
1 2 3 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
Figure 9. Date reduction program’s output file for atest run.
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RUN NUMBER 4649 conti nued

FLOW PATTERN: S

ST MJL[E-5 Pa-s] MJ  E-6 Pa-s] CP[ kJ/ kg- K] K[ W m K] RHJ kg/ n*3]
Bul k val | Bul k wal | Lqd Gas Lqd Gas(E-3) Lqd 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 X/ D RESL RESG PRL PRG MUB/WL) MB/ WG HI/HB HFLUX TB[C] TW(Q 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 NUMBER 4649 conti nued

FLOW PATTERN: S

QUANTI TI ES OF MAIN PARAMVETERS

I NCLI NATI ON ANGLE

TOTAL MASS FLUX(G):

QUALI TY(x)
SLI P RATI Q(K)

V_SL
V_SG
RE_SL
RE_SG
RE_TP
X(Tai tel
T(Taitel
Y(Taitel
F(Taitel
K(Tai tel
X (Breber)
j *g(Breber)

VO D FRACTI ON( al pa) :

& Dukler) :
& Dukler) :
& Dukler) :
& Dukler) :
& Dukler) :

000
775
004
809
558
615
406
14670
3399
18069
9. 614
0.137
172. 059
0. 106
12.828
9. 614
0. 106

[ DEG

61 [ kg/ n2-s]

[ s]
[ s]

rOOPRONN

Figure 9. (Continued).

Oklahoma State University’s Heat Transfer Laboratoty
Research in Two-Phase Flow

In the next several sections we present the rexflt®ur
extensive literature search, a detailed developroeour proposed
heat transfer correlation and its application tpegimental data in
vertical and horizontal pipes, a detailed desaiptiof our
experimental setup, our flow visualization resditts different flow
patterns, our experimental results for slug andukamnflows in
horizontal and inclined tubes, our proposed heatsfier correlation
for these flow patterns and pipe orientations, fandlly our future
plans.

Comparison of Non-Boiling Two-Phase Heat Transfer
Correlations with Experimental Data

Numerous heat transfer correlations and experirhelata for
non-boiling forced convective heat transfer durgas-liquid two-
phase flow in vertical and horizontal pipes haverbpublished over
the past 50 years. In a study published by Kim let(1999), a
comprehensive literature search was carried outeaamatal of 38
two-phase flow heat transfer correlations were tified. The
validity of these correlations and their rangesapplicability have
been documented by the original authors. In mostesathe
identified heat transfer correlations were basedacsmall set of
experimental data with a limited range of variabdesl liquid-gas
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combinations. In order to assess the validityhofse correlations,
they were compared against seven extensive sétggbihase flow
non-boiling heat transfer experimental data avéglaftom the
literature, for vertical and horizontal tubes aniifedent flow
patterns and fluids. For consistency, the validifythe identified
heat transfer correlations were based on the casgpelbetween the
predicted and experimental two-phase heat transtefficients
meeting thet30% criterion. A total of 524 data points from fine
available experimental studies (see Table 2) weed for these
comparisons. The experimental data included fifeerint liquid-
gas combinations (water-air, glycerin-air, silicaaig water-helium,
water-Freon 12), and covered a wide range of viasabncluding
liquid and gas flow rates and properties, flow @ats, pipe sizes,
and pipe inclination. Five of these experimentatadaets are
concerned with a wide variety of flow patterns ertical pipes and
the other two data sets are for limited flow paiser(slug and
annular) within horizontal pipes.

Tables 3 and 4 show 20 of the 38 heat transfeelations that
were identified in the study of Kim et al. (1999he rest of the
two-phase flow heat transfer correlations weretested, since the
required information for the correlations was neaikable through
the identified experimental studies. In assesdiegability of the 20
identified heat transfer correlations, their prédits were compared
with the seven sets of experimental data, both &itd without
considering the restrictions dRe;, and usdus. accompanying the
correlations.
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Table 2. Ranges of the experimental data used in t

he study of Kim et al. (1999).

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

16.71< iy (Ibm/hr) < 8996
0.058< i (Ibm/hr)< 216.82
0.007< Xrr< 433.04
0.061< Aprp (psi)< 17.048
5.503< Pr, < 6.982
101.5< hyp (Btu/hit?CF) < 7042.3

0.06< usy(ft/sec)< 34.80
0.164< usdft/sec)< 460.202
59.64< Ty (°F) < 83.94
0.007< dpree (psi)< 16.74
0.708< Prg<0.710
0.813< 4/t < 0.933

231.83< Rey < 126630
43.42< Rese< 163020
14.62< py (psi)< 74.44
0.033< @< 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< iy_ (Ibm/hr)< 1242.5
0.085¢ rig (Ibm/hr) < 99.302
0.15< Xrr< 407.905
1.317< dprp (psi) < 20.022
6307.04< Pr,_ < 6962.605
54.84< hrp (Btu/hrft’[F) < 159.91

0.31< ug (ft/sec)< 3.80
0.217< ugy (ft/sec)< 117.303
80.40< T (°F) < 82.59
1.07< Apree (psi)< 19.771
0.708< Prg < 0.709
0.513< /s < 0.610

1.77<Rey < 21.16
63.22< Rese< 73698
17.08< pm (psi)< 62.47
0.0521< o< 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< my_ (Ibm/hr)< 196
0.07< g (Ibm/hr) < 157.26

72.46< Tw(°F) <113.90
0.037< dprp (psi)< 9.767
61.0< Pr, <765
29.9< hyp (Btu/hift2[IF) < 683.0

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

47.0< Res. < 20930
52.1< Resg< 118160
13.9< pm (psi)< 45.3
0.011< < 0.996
17.3< Nurp< 386.8
L/D=52.1,D=0.46 in.

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

267< 1y (Ibm/hr) < 8996
0.020< rig (Ibm/hr)< 33.7
0.16< Xrr< 769.6
0.3< dpre (psi)< 13.2
5.78< Pr < 7.04
794< hrp (Btu/hift?[F) < 6061

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

3841< Rey < 125840
14.0< Resg< 23159
15.5< pm (psi)< 53.3
0.038< o< 0.958
86.6< Nurp< 668.2
L/D=52.1,D=0.46in

Water-Freon 12

267< 1y (lbm/hr) < 3598
0.84< g (Ibm/hr)< 206.59

1.03< ug (ft/sec)< 13.89
0.51< ug (ft/sec)< 117.7

4190< Re; < 51556
859.5< Reyg < 209430

Vertical 75.26< Tyix (°F) < 83.89 15.8< pm (psi)< 27.8
Data (44 Points) 0.16< Xyr< 226.5 0.025 Aprer (psi)< 4.48 0.035< o< 0.934
A 1978) 0.04< dpre (psi) < 4.92
of Aggour (. 5.63< Pr. <6.29 0.769< Prg < 0.77 87.1< Nurp<472.4
63< Pr_<6. o z _ :
800 hrp (BLU/hIT?F) < 4344 90.36< Ty (°F) < 94.89 L/D=52.1D=0.46 in
Water-Air 0.069< ry_ (bm/sec)< 0.3876  0.03< g (Ibm/sec)< 0.2568 7.84< AplL (Ibf/ft®) < 137.5
Horizontal 1.45< ¢s<3.54

Data (48 points)
of Pletcher (1966)

0.22< dp/L (Ibf/ft®) < 26.35
7.23< 1 < 68.0
7372< g" (Btu/hrft?) < 11077

0.021< Xrr< 0.490
73.6< Tw (°F) < 107.1
433< hrp (Btu/hiift?[OF) < 1043.8

64.9< T (°F) < 99.4
L/D = 60.0,0 = 1.0 in.

Water-Air

Horizontal
Data (21 points)
of King (1952)

1375< My (Ibm/hr)< 6410
1570< Rese< 84200
136.8< T,y (°F) < 144.85
1.027< Apre (psi)< 22.403
1.35<hrp/h <3.34

0.82< g (SCFM)< 43.7

0.41< Xrr< 29.10
184.3< Tw(°F) < 211.3
1462< hyp (Btu/hifft’lF) < 4415
1.35< @ <8.20

22500< Res < 119000
0.117< R <0.746
15.8< pm (psi)< 55.0
0.33< usdUs. < 7.65
L/D =252,D = 0.737 in.

For the limited experimental data in horizontalgs{see Table
2), the correlation of Shah (1981) was the onlyralation that
performed well in predicting the annular flow dath Pletcher
(1966). However, the experimental data of King5@Pfor slug
flow in a horizontal pipe were predicted very wklil five of the
identified heat transfer correlations. Figure 10vef how well the
correlations of Chu and Jones (1980), King (19%2)dirka et al.
(1965), Martin and Sims (1971), and Ravipudi andil@bd (1978)
predicted the data of King (1952).
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+30 %
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Nep,, (Btu/hr-ftF)

3000 v (°
) E
v ] 30%
¥ =
14 [J ‘0
2000 . n
o 8 va,
S v Y ®  Chu & Jones (1980)
pe O King (1952)
H v Kudirka etal. (1965)
Vv  Martin & Sims (1971)
® Ravipudi & Godbold (1978)
1000
1000 2000 3000 4000 5000 6000
;e (Bu/hr-ft-F)

TP

Figure 10. Comparison of selected correlations wit
air-water experimental data in a horizontal pipe.

h King (1952) slug flow
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For the vertical flow experimental data of Vijay9{B), see
Table 2, the results indicate that, for bubblytHr@nnular, bubbly-
froth, and froth-annular flow patterns, severaltivé heat transfer
correlations did a very good job of predicting haér-water
experimental data. However, for slug, slug-annudéangd annular-
mist flows, only one correlation for each flow att provided good
predictions. Considering the performance of theetations for all
flow patterns and keeping in mind the values of dierall mean
and rms deviations, four heat transfer
recommended for this set of experimental data. &hae the
correlation of Knott et al. (1959) for bubbly, frotoubbly-froth, and
froth-annular flow patterns; the correlation of Radi and
Godbold (1978) for annular, slug-annular, frothalan, and
annular-mist flow patterns; the correlation of Gimd Jones (1980)
for annular, bubbly-froth, slug-annular and frotimalar flow
patterns; and the correlation of Aggour (1978)Kabbly and slug
flow patterns. As an example, Figure 11 shows hoell the
recommended correlation of Knott et al. (1959) qeried with
respect to the air- water experimental data of W{jg978). From
the comparison results, it was concluded that anliew of the
tested heat transfer correlations were capable afurately
predicting the glycerin-air experimental data ofayi (1978) in a
vertical tube. Considering the overall performancé the
correlations for all flow patterns, only the coat@n of Aggour

January-March 2005, Vol. XXVII, No.1 /57
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(1978) is recommended for this set of experimed&h. For the
silicone-air experimental data of Rezkallah (19874 vertical tube,
a few of the correlations predicted the experinetdta reasonably
well. Again, considering the overall performancetoé correlations
for all flow patterns and the values of the mead rans deviations,
only three of the tested heat transfer correlationgre
recommended. These are the correlation of Rezkaltah Sims
(1987) for bubbly, slug, churn, bubbly-slug, bubbigth, slug-
churn, and churn-annular flow patterns; the coftitaof Ravipudi
and Godbold (1978) for churn, annular, bubbly-slalyg-churn,
churn-annular and froth-annular flow patterns; ttrecorrelation of
Shah (1981) for bubbly, froth, bubbly-froth, froimnular, and
annular-mist flow patterns. Figure 12 provides enparison of the
predictions of Shah (1981) correlation with theicsihe-air
experimental data of Rezkallah (1987). For theewhelium
experimental data of Aggour (1978) in a verticabeyu several
correlations predicted the experimental data fairgl. Considering
not only the overall performance of the correlagidor all flow
patterns but also the values of the meanrargtleviations, three of
the tested heat transfer correlations were recomatenThese were
the correlation of Chu and Jones (1980) for bublfgth, and
bubbly-slug flow patterns; the correlation of Knettal. (1959) for
all of the main flow patterns (bubbly, slug, frodmd annular) and
slug-annular transitional flow; and the correlatairShah (1981) for
bubbly, froth, and annular-mist flow patterns. Fegi 13 and 14
show the comparison between the predictions of @hd Jones
(1980) and Shah (1981) correlations with the wht#ium
experimental data of Aggour (1978). With respiecthe water-
Freon 12 experimental data of Aggour (1978), sewaréhe tested
heat transfer correlations were capable of predictithe
experimental data with good accuracy. Considering overall
performance of the correlations for all flow patterand also the
mean andrms deviations,
demonstrated good accuracy in predicting all of than flow
patterns (bubbly, slug, froth, and annular) andgslnnular
transitional flow. These were the correlation ofgagr (1978), the
correlation of Martin and Sims (1971), and the elation of
Rezkallah and Sims (1987). Figure 15 shows theopeence of the
predictions of Martin and Sims (1971) correlatioithwthe water-
Freon 12 experimental data of Aggour (1978) inrtica pipe.
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Figure 11. Comparison of Knott et al. (1959) corre

lation with Vijay (1978)
air-water experimental data in a vertical pipe.
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Non-Boiling Heat Transfer in Gas-Liquid Flow in Pipes — a Tutorial

The results comparing the twenty identified nonlibgi heat
transfer correlations (see Table 3) and the sestna$ experimental
data (see Table 2) are summarized in Table 5 fgorflaw patterns
in vertical and horizontal pipes and Table 6 fansitional flow
patterns in vertical pipes. The shaded cells ofldalb and 6
indicate the correlations that best satisfied#8@% two-phase heat
transfer coefficient criterion that was set. Theere no remarkable
differences for the recommendations of the heattea correlations
based on the results with and without the restristionRe;, and
Usdus,, except for the correlations of Chu and Jones @1 3d
as applied to the waiter
experimental data of Vijay (1978). Based on thelltesvithout the
authors' restrictions, the correlation of Chu ande$ (1980) was
recommended for only annular, bubbly-froth, slugiaar, and

Ravipudi and

Godbold (1978),

annular

froth-annular flow patterns; and the correlation Révipudi and

Table 3. Heat Transfer Correlations Chosen for the

restrictions,

Godbold (1978) was recommended for only annularg-ainnular,
and froth-annular flow patterns of the vertical dulvater-air
experimental data. However, considering tRes. and usdusy,
the correlation of Chu and Jones @)98vas
recommended for all vertical tube air-water flowttpens including
transitional flow patterns except the annular-rfistv pattern; and
the correlation of Ravipudi and Godbold (1978) wesommended
for slug, froth, and annular flow patterns and falt of the
transitional flow patterns of the vertical water-ekperimental data
of Vijay (1978). With regard to air-water flow imohzontal pipes,
Kim et al. (1999) recommended use of Shah (198frekadion for
flow, and use of the Chu and Jones (1980jrka et al.
(1965), and Ravipudi and Godbold (1978) correlaifor slug flow
(see Table 5).

Study of Kim et al. (1999).

Source | Heat Transfer Correlations Source Heat Tea@orrelations
hrp/hL = (1—a)']/3 Laminar () "
Aggour | NuL =161%Res Pr. /LY 3/ ) 4 (L) Knott et al. ? :[1+ @]
(1978) | hyp/hy = (1) 083 Turbulent ()~ (1959) L\ s
083 05 033 whereh, is from Sieder & Tate (1936)
Nu, = 0.0155RedB3Pr %% (ug [y )°22  (T)
Chu & .
Kudirka et al.
(i%%%? Nurp = 0,43ReP§5Pr|]_/3(yB /14w )4 (pa/p) % (1965) Nurp =125us/us (g /1. )% R%fprﬂﬁ(#B/MN)o'M
Davis & 028 087 . .
David | Nupp = 006({&] [LGX] pr 04 Martin & Sims | hrp/h =1+ 064,Jugg/us,
(1964) PG HL L (971) whereh, is from Sieder & Tate (1936)
_— hrp/hy = @-a) ¥ D e e | M Nu [12/RO% - 02/R |
orresteij| /iy = a-a) 08 (piver g 1/3
p/he +
) 0 0123Re29Pr 0% g /a2 (1964) | Ny =1-615[M i D/L} (t )4
uL =0. egp Pri B/Hw Au
Dusseau _ 087p,. 04 Ravipudi & y y Y 3
(1968) | Nurp=0-02Rerp Pry GodboFI)d (1978)| NUrP = 056(us/usL) (e /1 ) P2 RSP (ug /14y )4
Elamvalut
hi & Nuro = 08 46 1/4R 07p, Y3 M8 014 Rezkallah & | hrp/hy = @-a)"%?
Srinivas | TP =9 m GPriL Ly Sims (1987) |whereh, is from Sieder & Tate (1936)
(1984)
| Nurp =0.02ReE7(PrL) Y3 (11 / 1an) 1
grﬁgt:;; (for water-air) Serizawa et al.| hrp/h =1+ 4627427
(1959) | Nurp =2.6Ref3° P'{/sL(ﬂB/MN)OM (1975) whereh, is from Sieder & Tate (1936)

Hughmark
(1965)

Khoze et
al. (1976)

King
(1952)

(for (gas-oil)-air)

yof e 13 U 014
Nurp = 175(R_) Y3 2L | | £B
ore = 275(R ¥ AL ||

Nurp = 026Re22Re2PPr 04

GYGIN

Nup = 002ReEpr04

-052
R

bp_ R
1+0025Re22

h_

Shah (1981)

Ueda & Hanaok
(1967)

Vijay et al.
(1982)

Sieder & Tate
(1936)

_ 4
hp/h. = (1"' USG/USL)]/
Nup = 186(Res; P D/L)M*(ug /mn)*
Nu_ =002RE’ P4 ug /s )

L
Q)
Nurp = 0075Re%8{Pr,_/[L+0.035(Pr_ - 1)}
hrp/hL = (Bprpg /8p) 4
Nu_ =1615(Res P D/LY3(ug /a)* L
(M
L
(M

Nug = 0.0155?8%?3Pr|_0'5(,u|3/,u\N)O'33

Nup = 186(ResiPr. D/L)Y3(ug /)01

Nu =0.027Re28Pr*%3(up / ) O 14

Note: a andR_ are taken from the original experimental datathiés studyRes. < 4000 implies laminar flow, otherwise turbulesutid for
Shah (1981), replace 4000 by 170. With regartiecegs. given for Shah (1981) above, the laminasthase correlation was used
along with the appropriate single-phase correlagamce Shah (1981) recommended a graphical turbii®-phase correlation.
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Table 4. Limitations of the Heat Transfer Correlat

ions Used in the Study of Kim et al. (1999) (See No

A.J. Ghajar

menclature for Abbreviations).

Source Fluids L/D| Orient. s /m Usd/Us. Ress Res. Pr. Flow Pattern(s)
A-W,
/?fg;’é‘)r Helum-W, | 521| V |7.5x10%5.72¢10%| 0.02-470 | 13.95-2.9510° 5.78-7.04| 55 B8, B
Freon12-W ' '
Chu &
Jones W-A 34 \% 0.12-4.64 540-2700 16000-112000 B, S, F-A
(1980)
Davis &
David Gas-Liquid H&V A, M-A
(1964)
Dorresteijn .
(1970) A-Oil 16 \% 0.004-4500 300-66000 B,S, A
Dusseau 1.4x10%
(1968) A-W 67 \% 45-350 0-4.2%10* 4.9:10° F
Elamvaluthi
gsinvas| , AW | g6 | v e 300-14300 B S
(1984) 4 0
Croothuis AW wual v 244-977 1-250 >5000
Gas-Oil-A ’ 269-513 0.6-80 1400-3500
(1959)
Hughmark -
(1965) Gas-Liquid H S
A-W,
Khoze et al A-
(1976) Polymethylsiloxaneso—go \% 4000-37000 3.5-210 4.1-90 A
A-Diphenyloxide
King (1952) AW 252 | H 0.327-7.6481570-8.2810° | 22200 S
g oelol : 11.9<10°
Knott etal.| Petroleum oil- 3
(1959) Nitrogen gas 119 \% 1.5710°-1.19 0.1-4 6.7-162 126-3920 B
) B 5.5x10%-
Kudirka et A-W, 17.6 v 1.92x10%-0.1427| 0.16-75 49.5010° 140 @ B.S. F
al. (1965) | A-Ethylene glycol 0-0.11 0.25-67 380-1700 37.8C
Martin &
Sims (1971 A-W 17 H B,S, A
Oliver & A-85% Gilycaol,
Wright A-1.5% SCMC, H 500-1800 S
(1964) A-0.5% Polyox
Ravipudi & A-"FA(;}(JVéne
Godbold AB ! \% 1-90 3562-82532 8554-8962 F
(1978) -Benzene,
A-Methanol
Rezkallah| A, W, Oil, etc.; S CARE
& Sims 13 Liquid-Gas | 52.1 \ 0.01-7030 1.8-1.3x10° 4.2-7000 s-C ’S_A 'C_A
(1987) combinations ’ ' '
F-A
Serizawa e
al. (1975) AW 35 v B
AW,
shah (1981) Ol Nitrogen, H&V 0.004-450( 7-170 B, S,F, F-A M
Glycol, etc.;
10 combinations
Ueda &
Hanaoka A-Liquid 67 \% 9.4x10%-0.059 4-50 4-160 S, A
(1967)
Vijay et al A-él&/\::ve‘rin B,S,FAM, B-
(1982) Helium-W, 52.1 \ 0.005-767 1.8-130000 5.5-7000 F, S-A, F-A, A-
Freon12-W
60 / Vol. XXVII, No. 1, January-March 2005 ABCM



Non-Boiling Heat Transfer in Gas-Liquid Flow in Pipes — a Tutorial

Table 5. Recommended correlations by Kim et al. (1

(see Nomenclature for abbreviations).

999) from the general comparisons with regard to pi  pe orientation, fluids, and major flow patterns

Correlations with

Vertical Pipe

Horizontal

Restrictions orRe; and

Water-Air

Glycerin-Air

Silicone-Air

Water-Helium War-Freon 12| Water-Ak

UsdUsL

S| F

Al B| S| F

Al B

S| G

A

B $ F A B $§ F A A $

Aggour (1978)

-V -V

V{-V]|-V]-V

V|-V|[-V]-V

Chu & Jones (1980)

RMRV|RV

RV

RV[ V |RV

RV RV

Knott et al. (1959)

V| V| V

R

\Y

Kudirka et al. (1965)

R

R
V|V V Vv
V RV

Ravipudi & Godbold
(1978)

RV|RV

RV

\Y

RV

Rezkallah & Sims (198]

RV|[RV

RV

RV

RV

RV RV|RV|RV|RV

Shah (1981)

Correlations with No

Sil

icone-Air

Restrictions

S| G

A

Water-Helium War-Freon 12| Water-Al

Aggour (1978)

Chu & Jones (1980)

Knott et al. (1959)

Kudirka et al. (1965)

Martin & Sims (1971)

Ravipudi & Godbold
(1978)

N

Rezkallah & Sims (198]

N

Shah (1981)

Correlation

Sili

cone-Air

Water-Helium War-Freon 12| Water-Al

Recommendations Bas
on Comparisons Abov

>

C

A

Aggour (1978)

Chu & Jones (1980)

Knott et al. (1959)

Kudirka et al. (1965)

Martin & Sims (1971)

|

Ravipudi & Godbold
(1978)

Rezkallah & Sims (198]

v

v

v

vV

VI VIV V

Shah (1981)

V

V

V

v

v

V

V v v Vv

Note: R = Recommended correlation with the rarfgeeg,. V = Recommended correlation with the rangagfus,. N = Recommended
correlation with no restrictions. = Recommended correlation with and without retns. - = Correlation that did not provide
ranges for eitheRe;, or usdus.. Correlation of Martin & Sims (1971) did not prde ranges foRe;,. andusdus,.
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A.J. Ghajar

Table 6. Recommended correlations by Kim et al. (1  999) from the general comparisons with regard to ex  perimental fluids and transition flow patterns
(see Nomenclature for abbreviations).

Vertical Pipe
Correlations with ) Glycerin- - ) ) Water-Freon
Restrictions ofRey_and Water-Air Air Silicone-Air Water-Helium 12
Usd/Us. B-| S |F|A|gs|salB|B|S|C|F|A]B|B[S]|A]B]|B][S
F A |l A M S FIC|IA|A[M S FIA|M S F|lA
Aggour (1978) -V -V -
Chu & Jones (1980) RYRV | RV R vV Vv
Knott et al. (1959) V V| V|
Kudirka et al. (1965) RY R \ RV RV
Ravipudi & Godbold
(1978) RV | RV |RV | RV \% V|V |RV R R \Y
Rezkallah & Sims
(1987) RV RV RV| RV |[RV | RV RV RV
Shah (1981) V vV V V| R V]
) Glycerin- - ) ) Water-Freon
Correlations with No Water-Air Air Silicone-Air Water-Helium 12
Restrictions B-| S [F|A|lgs|salB B |S]|C|F[A]B|B]|S|A |B B[S
FIAJ|JA|M S{F|C|A|]A|M]S|]F|A|M]S|F|A
Aggour (1978) N N Nl 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 NI
Martin & Sims (1971) N N N
Ravipudi & Godbold
(1978) N N N N N N N N N
Rezkallah & Sims
(1987) N N N| N| N| N N N
Shah (1981) N N N N N N N
Correlation . Glycerin- . . . Water-Freon
Recommendations Water-Air Air Silicone-Air Water-Helium 12
Based on ComparisonsB- | S- | F- | A- B-s | s-A B-[B-|S-|C-|F|A|B-|B-|S-| A-]B-|B-| S
Above F A A M S FIC|IA|A|M S FIA|M S F|lA
Aggour (1978) v V v
Chu & Jones (1980) | v | v [ ¥ Vv v
Knott et al. (1959) v v v
Kudirka et al. (1965) v v v
Martin & Sims (1971) v
Ravipudi & Godbold
(1978) V| V|V v V[V |V
Rezkallah & Sims
(1987) v v A YA VA Y v v
Shah (1981) v v V v v
Note: R = Recommended correlation with the ranjeR@. V = Recommended correlation with the rangeugfus. N =
Recommended correlation with no restrictions= Recommended correlation with and without restnis. - = Correlation
that did not provide ranges for eitiRes. or usdus.. Correlation of Martin & Sims (1971) did not pide ranges foRe;. and
UsdUsL.
The above-recommended correlations all have thewolg
important parameters in commoRe;, Pry, /4y and either void Development of a New Heat Transfer Correlation
fraction (@) or superficial velocity ratiougdus). It appears that _ o _
void fraction and superficial velocity ratio, altgh not directly In order to improve the prediction of heat transfate in

related, may serve the same function in two-phasat kransfer turbulent two-phase flow, regardless of fluid conation and flow
correlations. However, since there is no singleetation capable of pattern, a new correlation was developed by Kirale2000). The
predicting the flow for all fluid combinations irestical pipes, there improved correlation uses a carefully derived Heasfer model
appears to be at least one parameter [ratio], wikicelated to fluid Which takes into account the appropriate contrdngiof both the
combinations, that is missing from these correfatio In addition, liquid and gas phases using the respective crat®sal areas
since, for the limited horizontal data availablee recommended occupied by the two phases.

correlations differ in most cases from those ofiuat pipes, there The actual gas velocityg can be calculated from

appears to be at least one additional paramety][reelated to pipe ‘ _

orientation, that is missing from the correlatiolmsthe next section ug Q% __ M __mx (53)
we report on the results of our efforts in the depment of a heat As PcPAc PcaA

transfer correlation that is robust enough to sglhior most of the

fluid combinations, flow patterns, flow regimes, danpipe Similarly, for the liquid, the liquid velocityy, is defined as

orientations.
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g =S M ma=x (54)

A LA pLA-a)A

The total gas-liquid two-phase heat transfer isiaesl to be the

sum of the individual single-phase heat transfdrg¢he gas and
liquid, weighted by the volume of each phase priesen

<)

(55)

hrp = (L-a)h_ +ahg = (1_a)hL|:1+(

There are several well-known single-phase heat sfiean
correlations in the literature. In this study thed&r and Tate (1936)
equation was chosen as the fundamental single-pieesetransfer
correlation because of its practical simplicity armtoven
applicability (see Table 3). Based on this corietatthe single-
phase heat transfer coefficients in Eq. (58),and hg can be
modeled as functions of Reynolds number, Prandtibar and the
ratio of bulk to wall viscosities. Thus, Eq. (5%)ncbe expressed as

(56)

a  fctn(Re,Pr, 1g /tw)e
1-a fetn( Re Pr,ug /)L

fctn [Rﬁ] [Pﬁ] [(/IB/MN)G] (57)
Re. )"\ P ) "\ (/)L

Substituting the definition of Reynolds numbBeE o u D/ i)
for the gasRe;) and liquid Re) yields

o [(pqu; (uB)L] ’ [ Po ] ’ [(ﬂs/;«me] (58)
(DL (e) ) \ P ) (ug/tw)L

sz (2 o) ) ) [ e

where the assumption has been made that the ksdhksity ratio in
the Reynolds number term of Eq. (58) is exactlycediad by the
last term in Eq. (58), which includes bulk viscgsitatio.
Substituting Eq. (9), the definition of the voidaétion @), for the
ratio of gas-to-liquid diameter®g¢/D,) in Eq. (59) and based upon
practical considerations assuming that the ratioliguiid-to-gas
viscosities evaluated at the wall temperaturgy)i(/(tav)c] is
comparable to the ratio of those viscosities evatliat the bulk
temperature/ /i), Eq. (59) reduces to

hrp = (1—0/)hL[l+

a
-a

hrp =(1—a>hL{1+ -

brp  _
@-ah

a

{H_

1-a

hrp

= el
@-a)h

up

D
DL

Pic
PI’L

R e

For use in further simplifying Eq. (60), combinesE¢53) and
(54) forug (gas velocity) and, (liquid velocity) to get the ratio of
ug/u_ and substitute into Eq. (60) to get

M

Assuming that two-phase heat transfer coefficieah de
expressed using a power-law relationship on theivishaal
parameters that appear in Eq. (61), then Eq. @i)e expressed as

a

22 (3 (] e

- X 1-a

hrp = L-a)h. {l+fctn {[1 X
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where h comes from the Sieder and Tate (1936) equation as
mentioned earlier (see Table 3). For the Reynolasher needed in
that single-phase correlation, the following reaship is used to
evaluate the in-situ Reynolds number (liquid phaa#)er than the
superficial Reynolds numberRé&) as commonly used in the
correlations of the available literature [see Kinale (1999)]:

_[pouD) _ A
Rq = = (63)
[ U ]L myl-ap D

Any other well-known single-phase turbulent headnsfer
correlation could have been used in place of tlealeSi and Tate
(1936) correlation. The difference resulting fromme tuse of a
different single-phase heat transfer correlatiorl Wwe absorbed
during the determination of the values of the legdioefficient and
exponents on the different parameters in Eq. (62).

In the next section the proposed heat transferetadion, Eq.
(62), will be tested with four extensive sets oftical flow two-
phase heat transfer data available from the litea¢see Table 2)
and a new set of horizontal flow two-phase heandfier data
obtained by Kim and Ghajar (2002). The values ef\thid fraction
(@) used in Eq. (62) were either directly taken frtime original
experimental data sets (if available) or were dated based on the
equation provided by Chisholm (1973), which carekgressed as

oonfsa]

where K = (o /pm)? andy/ om = -x)/ o +x/p5 -

(64)

Robust Heat Transfer Correlation for Turbulent Gas-Liquid
Flow in Vertical and Horizontal Pipes

Corrélation for Vertical Flow

To determine the values of leading coefficient #relexponents
in Eq. (62), Kim et al. (2000) used four sets opemmental data
available in the open literature (see the firsuoot in Table 7) for
vertical pipe flow. The ranges of these four sétsxperimental data
can be found in Table 2. The experimental datat@ bf 255 data
points) included four different liquid-gas combiioais (water-air,
silicone-air, water-helium, water-Freon 12), andreved a wide
range of variables, including liquid and gas floates, properties,
and flow patterns. The selected experimental dateevenly for
turbulent two-phase heat transfer data in which sheerficial
Reynolds numbers of the liquidRé,) were all greater than 4000.
Table 7 and Fig. 16 provide the details of the elatron and how
well the proposed correlation predicted the expenial data. The
proposed general correlation predicted the noridgptieat transfer
coefficients for the 255 experimental data pointsvertical flow
with an overall mean deviation of about 2.5%,rars deviation of
about 12.8%, and a deviation range of —65% to 48%out 83% of
the data (212 data points) were predicted with kbss +15%
deviation, and about 96% of the data (245 data tppimwere
predicted with less thaf30% deviation. The results clearly show
that the proposed heat transfer correlation is sblaind can be
applied to turbulent gas-liquid flow in verticalpgis with different
fluid flow patterns and fluid combinations.
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Table 7. Summary of the values of the leading coef

ficient and exponents in the general correlation, e

A.J. Ghajar

g. (62), the results of prediction, and the paramet  er

range of the correlation for vertical flow (Kim et al., 2000).
Value of C and Exponentsn(n, p, mean | rms No. of De Range of Parameter
Fluids ) Dev. | Dey. | Data ran\g;é
(Res. > 4000) ) * | within X a Prg UG
clm| n| | afba | Ba ["00] o | Re [nj (=) (PT] [I]
Al 254 | 12.78| 245 _?4'7
. . . (0]
255 data points 396
Water-Air -35.0
105 data points 3.53 | 12.98 98 to
Vijay (1978) 39.6
5%'&°§2660Ai';t5 73 | 4000 | 84x10°| 001 | 1.1810° | 3.6410°
Rezkallah 0.27 | -0.04 1.21| 0.66| —0.72 5.25 7.77 56 to to to to to to
12.13 | 1.26¢x10° 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-Freon12 -245
44 data points 151 | 13.74 43 to
Aggour (1978) 33.0
Kim and Ghajar (2002). As mentioned before, thereery limited
: : horizontal pipe flow two-phase heat transfer datilable from the
open literature. In order to achieve the validatiprocess
10000 : 1 successfully, a reliable two-phase heat transfeedmental setup
was built, and experimental horizontal heat transf®-phase flow
T data for different flow patterns were obtained. dilst of the
w v, v 0% experimental setup and the data reduction proceduile be
£ +30% » presented in the next section. For additional tetain the
@: 1000 - ! o wamAr 1 experiments performed and the data collected ferstagment of the
£ 6 from Viay (1978) paper, refer to Kim and Ghajar (2002).
< O Silicone-Air . . .. .
ffom Rezkallah (1987) To determine the values of leading coefficient #ml exponents in
Y 1078) Eq. (62), the horizontal pipe flow experimental adaf Kim and
oo (078) Ghajar (2002) were used. Table 8 and Fig. 17 peothe details of
100 ; ; the correlation and how well the proposed correfepredicted the

100 1000 10000

hrp_ (Btulhr-ft*-F)

Figure 16. Comparison of the predictions by the ge  neral correlation, eq.
(62) with the experimental data for vertical flow (255 data points).

Correlation for Horizontal Flow

To continue the validation of the proposed heandfer
correlation, Eq. (62), and apply it to two-phasatheansfer data in
horizontal pipes, Kim and Ghajar under took thelgtteported in

Table 8. Summary of the values of the leading coef

range of the correlation for horizontal flow (Kim & Ghajar, 2002).

ficient and exponents in the general correlation, e

experimental data. The proposed general correlgifedicted the
non-boiling heat transfer coefficients for the l&@erimental data
points of horizontal flow with an overall mean daion of about
1%, anrms deviation of about 12%, and a deviation range2§%

to 34%. About 93% of data (139 data points) weaesdligted with

less thart20% deviation. The results clearly show that theppsed

heat transfer correlation is robust and can beiegppb gas-liquid

flow in horizontal pipes with different fluid flowatterns.

g. (62), the results of prediction, and the paramet  er

Value of C and Exponents No. of
. Range of Parameter
Experimental Data (m.n,p,q) giin gg\f’ Data rgﬁ\é'e
(Kim & Ghajar, 2002) o1 o | Within o X a Prg. Ho
C m n p q [A)] [A)] 120% [A)] R%L 1-x 1-a PI'L U
Slug, Bubbly/Slug, o5, | 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 3]: 3 to to to to to
89 data points ) 35503 0.03 3.45 0.137 0.028
-12.8 2163 0.05 3.10 0.10 0.015
\Q’f‘éﬁénnc::'rﬁrs 158| 1.40| 0.54|-1.93-0.09 1.15 | 338| 41 | to to to to to to
p 19.3 4985 0.13 4.55 0.11 0.018
Wa -19.8 636 0.08 4.87 0.102 0.016
20 datavyoints 27.89 3.10|-4.44-9.65 1.56| 3.60 | 16.49 16 to to to to to to
P 34.4 1829 0.25 8.85 0.107 0.021
-25.2 636 6.9x10* 0.36 0.102 0.015
All 150 data points | € ég‘c"r’]eF‘;gwleaxgmes ol 101 | 1208 139 to to to to to to
34.4 35503 0.25 8.85 0.137 0.028
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+20%
1000 1 - 1

+30 %

hyp  (Btu/hr-ft>-F)
<

-20 %

) 30 %
100 I
100 1000

hyp,, (Btu/hr-itF)

Figure 17. Comparison of the predictions by genera
with the experimental data for horizontal flow (150

| correlation, eq. (62)
data points).

Experimental Setup and Data Reduction for Horizonthand
Slightly Upward Inclined Pipe Flows

A schematic diagram of the overall experimentaliigdor heat
transfer and pressure drop measurements and flwalizations in
two-phase air-water pipe flow in horizontal andliimed positions is
shown in Fig. 18. The test section is a 27.9 mmigtt standard
stainless steel schedule 10S pipe with a lengthameter ratio of a
100. The setup rests atop an aluminum I-beam steatpported by a
pivoting foot and a stationary foot that incorpesatr small electric
screw jack. The I-beam is approximately 9 m in tangnd can be
inclined to an angle of approximately 8° above hamial.
Inclination angles of the test cradle are measwidtla contractor’'s
angle-measuring tool and with a digital x-y axiselerometer to
determine the angle to within 0.5°.

Lincoln SA-750
Welder

Thermocouy ple Probe
Clear Poly Carbonate
Clear Poly Carbonate Observation Insulation
Mixing Well]  Calming & Observation Section Stainless Steel Test Section */L Section
£l HE
Aluminum TBeam — ]
= Mixing Well
Check Valves
Pivoting Foot Electric Screw Jack Thermocouple Probe
SCXI 1102/B/C
Data Acquisition System: modules
SCXI 1125
SCXI-1000 module
LabVIEW Virtual Instument
~
Trapsmer
Air Side
Main Control Valve
oo Heat Exchanger (?
A N g N
Yhiter T
Corlolis s Regulator Air Cormpressor
|
Ar Flow Meter Separator L1 Drain 4

b

Shell and Tube
Main Control Valve
for Water Flow Heat Exchanger

Coriolis
Water Flow Meter

L1 yDrain

Figure 18. Schematic of experimental setup.

In order to apply uniform wall heat flux boundamnditions to
the test section, copper plates were silver saoldémethe inlet and
exit of the test section. The uniform wall heatxflboundary
condition was maintained by a Lincoln SA-750 weldEne entire
length of the test section was wrapped using flasgypipe wrap
insulation, followed by a thin polymer vapor sea prevent
moisture penetration.

In order to develop various two-phase flow patter(y
controlling the flow rates of gas and liquid), aotphase gas and
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liquid flow mixer was used. The mixer consistedaperforated
stainless steel tube (6.35 mm 1.D.) inserted ihtligquid stream by
means of a tee and a compression fitting. The étlakacopper tube
was silver-soldered. Four holes (3 rows of 1.59 mimyws of 3.18
mm, and 8 rows of 3.97 mm) were positioned at #Qervals
around the perimeter of the tube and this pattess vepeated at
fifteen equally spaced axial locations along thagte of the
stainless steel tube (refer to Fig. 19). The twasgehflow leaving
mixer entered the transparent calming section.

The calming section [clear polycarbonate pipe v@4 mm

I.D. and L/D = 88] served as a flow developing and turbulence

reduction device, and flow pattern observationieactOne end of
the calming section is connected to the test seatith an acrylic
flange and the other end of the calming sectioroimected to the
gas-liquid mixer. For the horizontal flow measureise the test
section and the observation section (refer to F8j.were carefully
leveled to eliminate the effect of inclination dvese measurements.

2554 cm Copper Tee 635 om 1.D. Stainless Steel Tube
Thermocouple

254 cm1.D. PVC Tubing 254cm1D. Probe

Clear Poly Carbonate Tubing

Copper
Compression
Fitting

1778 cm—] B
127 cm—-< e Mixing Well
Ar

=

Calming
Section

30.48 ! 15.24 ! 3 48cm—>‘

Figure 19. Air-water mixer.

Holes for eleven pressure taps were drilled albegést section
(refer to Fig. 20). The diameters of the holes we#8 mm, and
were equally spaced at 254 mm intervals alongdbesection. The
holes were located at the bottom of the stainle=s sube in order
to ensure that only water could get into the pressueasuring
system. The pressure taps were standard saddesslfptapping
valves with the tapping core removed. The firgspure tap in the
flow direction was used as a reference pressuréotapomparison
with the other pressure taps; and the system peesgs measured
by an OMEGA PX242-060G pressure transducer whicha8 to
60 psig operation range. The reference pressyrewts also
directly connected to a VALIDYNE DP15 wet-wet difémtial
pressure transducer with CD15 carrier demodulatbe pressure
tap desired to measure the differential pressurengnthe other 10
pressure taps was connected to the differentiakpre transducer in
isothermal condition. Note that the pressure mesmsents are not
reported in this paper.

|::> Flow Direction
/7 Copper Plate
16

[} © o © [} o [} [}
. H’.gs acmell2s.a cm»’-?S 4 cm»’-?S 4 W’.zs 4 W’.zs 4 W’.zs 4 cm»’-?S 4 cm»’-?S 4

{254 Crra-{25.4 Crra-{25.4 Crra-{ae}5.4 Crrn-la25.4 Crriw-ls25.4 Cri-{e25.4 Criiw-{¢25.4 Criie(25.4 crrvm{
@ @ Q@ @ (6} (@ ® @ @

Thermocouple

(m@ﬁ )
|-

2.54cm (1 inch) Schedule 10S Test Section

—1 9

Rl

f+—5.08cm

B 26645cm 33401 em

€ (X Tail of Flow Direction

Pressure Tap Hole

Figure 20. Test section.
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T-type thermocouple wires were cemented with Omegdb
101, an epoxy adhesive with high thermal condugtiviind
electrical resistivity, to the outside wall of tiséainless steel test
section (refer to Fig. 20). Omega EXPP-T-20-TWSHeegion
wires were used for relay to the data acquisitiorstesn.
Thermocouples were placed on the outer surfacheofube wall at
uniform intervals of 254 mm from the entrance te &xit of the test
section. There were 10 thermocouple stations ingstesection. All
stations had four thermocouples, and they werelddbleoking at
the tail of the fluid flow with peripheral locatiofA” being at the
top of the tube, “B” being 90° in the clockwiseaetlition, “C” at the
bottom of the tube, and “D” being 90° from the batt in the
clockwise sense (refer to Fig. 20). All the thermaules were
monitored with a National Instruments data acqoisisystem. The
experimental data were averaged over a user chesgth of time
(typically 20 samples/channel with a sampling &td00 scans/sec)
before the heat transfer measurements were actsabrded. The
average system stabilization time period was frOno360 min after
the system attained steady state. The inlet ligaitd gas
temperatures and the exit bulk temperature weresuned by
Omega TMQSS-125U-6 thermocouple probes. The thesuple
probe for the exit bulk temperature was placed affie mixing well.
Calibration of thermocouples and thermocouple psatfowed that
they were accurate within +0.5°C. The operatingsguees inside
the experimental setup were monitored with a pressansducer.

To ensure a uniform fluid bulk temperature at thletiand exit
of the test section, a mixing well was utilized. Aiternating
polypropylene baffle type static mixer for both gesl liquid phases
was used. This mixer provided an overlapping bdfffmssage
forcing the fluid to encounter flow reversal andirimg regions.
The mixing well at the exit of the test section vpdeced below the
clear polycarbonate observation section (aftertéisé section), and
before the liquid storage tank (refer to Fig. 18jnce the cross-
sectional flow passage of the mixing section wabstantially
smaller than the test section, it had the potemtidhcreasing the
system back-pressure. Thus, in order to reducedbential back-
pressure problem, which might affect the flow patimside of the
test section, the mixing well was placed below afigr the test
section and the clear observation sections. Thdetouiulk
temperature was measured immediately after thengnixiell.

The fluids used in the test loop are air and wabe water is
distilled and stored in a 55-gallon cylindrical yethylene tank. A
Bell & Gosset series 1535 coupled centrifugal pungs used to
pump the water through an Aqua-Pure AP12T watterfilAn ITT
Standard model BCF 4063 one shell and two-tube (reesd
exchanger removes the pump heat and the heat ddded the test
to maintain a constant inlet water temperature.nfre heat
exchanger, the water passes through a Micro Mdfioriolis flow
meter (model CMF125) connected to a digital Fieldeivt
Transmitter (model RFT9739) that conditions thevfimformation
for the data acquisition system. Once the watesgsahrough the
Coriolis flow meter it then passes through a 25m, twelve-turn
gate valve that regulates the amount of flow theaered the test
section. From this point, the water travels throug25.4 mm
flexible hose, through a one-way check valve, amid ithe test
section. Air is supplied via an Ingersoll-Rand T@0odel 2545)
industrial air compressor mounted outside the latooy and
isolated to reduce vibration onto the laboratoopfl The air passes
through a copper coil submerged in a vessel of mtatéower the
temperature of the air to room temperature. Thesaihen filtered
and condensate removed in a coalescing filter. aineflow is
measured by a Micro Motion Coriolis flow meter (neb€MF100)
connected to a digital Field-Mount Transmitter (reb&FT9739)
and regulated by a needle valve. Air is deliveredhe test section
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by flexible tubing. The water and air mixture igurmed to the
reservoir where it is separated and the water tedyc

The heat transfer measurements at uniform wall Hiest
boundary condition were carried out by measurirgltical outside
wall temperatures at 10 stations along the axigheftube and the
inlet and outlet bulk temperatures in addition tieeo measurements
such as the flow rates of gas and liquid, room tnaoire, voltage
drop across the test section, and current cariyethd test section.
The peripheral heat transfer coefficient (local rage) were
calculated based on the knowledge of the pipe énwidll surface
temperature and inside wall heat flux obtained feodata reduction
program developed exclusively for this type of ekpents (Ghajar
and Zurigat, 1991). The local average peripherdlesfor inside
wall temperature, inside wall heat flux, and heahsfer coefficient
were then obtained by averaging all the appropitad&idual local
peripheral values at each axial location. The larggation in the
circumferential wall temperature distribution, whiés typical for
two-phase gas-liquid flow in horizontal and slighithclined tubes,
leads to different heat transfer coefficients dejirem on which
circumferential wall temperature was selected fa talculations.
In two-phase heat transfer experiments, in ordeovtercome the
unbalanced circumferential heat transfer coeffisieiq. (52) was
used to calculate an overall mean two-phase haasgfler coefficient
(hrp) for each test run.

The data reduction program used a finite-differeiloceulation
to determine the inside wall temperature and tls&den wall heat
flux from measurements of the outside wall tempeetthe heat
generation within the pipe wall, and the thermojdtajisproperties
of the pipe material (electrical resistivity anetimal conductivity).
In these calculations, axial conduction was assungggigible, but
peripheral and radial conduction of heat in theetwiall were
included. In addition, the bulk fluid temperatur@svassumed to
increase linearly from the inlet to outlet, see tisac 5.3 for
additional details.

A National Instruments data acquisition system waed to
record and store the data measured during thessrieqnts. The
acquisition system is housed in an AC powered &oir-SCXI 1000
Chassis that serves as a low noise environment sfgnal
conditioning. Three NI SCXI control modules are sed inside the
chassis. There are two SCXI 1102/B/C modules aedS{X| 1125
module. From these three modules, input signals dtbr 40
thermocouples, the two thermocouple probes, voémetnd flow
meters are gathered and recorded. The computefaireeused to
record the data is a LabVIEW Virtual Instrument )(\firogram
written for this specific application.

The reliability of the flow circulation system andf the
experimental procedures was checked by making akwsangle-
phase calibration runs with distilled water. Thag&-phase heat
transfer experimental data were checked againstéfieestablished
single-phase heat transfer correlations (Kim an@j&h 2002) in
the Reynolds number range from 3000 to 30,000.dstrimstances,
the majority of the experimental results were wathin +10% of
the predicted results (Kim and Ghajar, 2002; Dyr@a@03). In
addition to the single-phase calibration runs, rieseof two-phase,
air-water, slug flow tests were also performed &mmparison
against the two-phase experimental slug flow da{@uorant, 2003;
Trimble et al., 2002). The results of these conguans, for majority
of the cases were also well within the £10% deeiatiange.

The uncertainty analyses of the overall experimgmiacedures
using the method of Kline and McClintock (1953)sled that there
is a maximum of 11.5% uncertainty for heat transfeefficient
calculations. Experiments under the same conditiomsre
conducted periodically to ensure the repeatahilitthe results. The
maximum difference between the duplicated expertaienns was
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within £10%. More details of experimental setup and dataaton
procedures can be found from Durant (2003).

The heat transfer data obtained with the presepérerental
setup were measured under a uniform wall heat Boxndary
condition that ranged from 2606 to 10,787 Wand the resulting
mean two-phase heat transfer coefficiehts)(ranged from 545 to

4907 W/niK. For these experiments, the liquid superficial
Reynolds numbersRfg,) ranged from 836 to 26,043 (water mass

flow rates from about 1.18 to 42.5 kg/min) and tfaes superficial

Reynolds numbers{g;o) ranged from 560 to 47,718 (gas mass flow

rates from about 0.013 to 1.13 kg/min).

Flow Patterns

Due to the multitude of flow patterns and the wasio
interpretations accorded to them by different itigegors, no
uniform procedure exists at present for descritang classifying
them. In our reported studies the flow pattern fifieation for the
experimental data was based on the procedures steggey Kim
and Ghajar (2002) and visual observations deemptbppate. All
observations for the flow pattern judgments weredenat two
locations, just before the test section (alddt = 93 in the calming
section from the mixing well, see Fig. 19) and tiglfter the test
section. Leaving the liquid flow rate fixed, flowagperns were
observed for various air flow rates. The liquidwil@ate was then
adjusted and the process was repeated. If thevazsfow patterns
differed at the two locations of before and aftee test section,
experimental data was not taken and the flow ratems and liquid
were readjusted for consistent flow pattern obsemws. Flow
pattern data were obtained with the pipe at hotagosition and at

2°, 5°, and 7 upward inclined positions. These experimental data

were plotted and compared using their correspondihiges of mass
flow rates of air and water and the flow patteriiie digital images
of each flow pattern at each inclination angle walso compared
with each other in order to identify the inclinatieffect on the flow
pattern.

Figure 22 ows photographs of the representative fiatterns
that were observed in our experimental setup with gipe in the
horizontal position and no heating (isothermal juriSgure 22
shows the flow map for our pipe in the horizontakition. The
different flow patterns depicted on this figureudtrate the
capability of our experimental setup in producingltitude of flow
patterns. The shaded regions represent the boesdzfrihese flow
patterns for the pipe in the horizontal positiotsdAshown on  Fig.
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Figure 21. Photographs of representative flow patt
and isothermal).
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Figure 22. Flow map for horizontal flow.

24 with symbols is the distribution of the heahsfer data that were
obtained systematically in our experimental setuih whe pipe in
the horizontal position. As can be seen from Fi§. ®e did not
collect heat transfer data at low air and watew ftate combinations
(water flow rates of less than about 5 kg/min aindlew rates of
less than about 0.5 kg/min). At these low water amdflow rates
and heating there is a strong possibility of eitdgr-out or local
boiling which could damage the test section.

As mentioned in Fig. 24, there are very few flovitgan data
and flow pattern maps available in the literatunetéibes with small
angles of inclination. The influence of small updanclination
angles of 2, 5°, and 7 on the observed flow patterns is shown in
Fig. 2%rror! Reference source not found. This figure is a
modified version of Fig. 24, which is based on ithass flow rate of
each phase. As shown in Fig. 25, the shaded regapresenting
the transition boundaries of the flow patterns hakéted to the
upper left direction for plug-slug and slug-bubblyf transition due
to the different inclination angles. The annulabbly/slug-annular
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transition boundaries appear to be insensitive he slight
inclination angles studied in this study. Thererasedrastic changes
in the transition boundaries at the upward incloraangles of 2,
5°, and ? compared to the horizontal orientation. However,
should be mentioned that even though the flow paitenamed the
same for both horizontal and inclined flows; it daet mean that
the flow pattern in the inclined position has idealt characteristics
of the comparable flow pattern in the horizontalsipon. For
example, it is observed that the slug flow pattémshe inclined

positions of 8 and ? have reverse flow between slugs due to the

gravitational force, which can have a significaffeet on the heat

transfer.
50 i :
Plug
ubbly/Slug
=it or
%\ nnular/Bubbly/Slug
s 1 sl I
T ug
2 AT TR o
= 5 >
o >
e Slug/Wavy. g
& =
L)
_% 2 El
‘: <
E Wavy
= 1 4 L
Stratified
0.5 T T
0.02 0.05 0.2 0.5 1
Mass Flow Rate of Gas [kg/min]
Flow Pattern Transition Line
Horizontal flow
B 2 Degrees Upward Inclined Flow
I 5 &7 Degrees Upward Inclined Flow

Figure 23. Change of flow pattern transition lines
from horizontal.

as pipe inclined upward

Note that we have not taken flow pattern data betosvliquid
flow rate of about 5 kg/min for the inclined cas@herefore, at this
time we have no information on the influence ofimation angle on
the flow pattern in this area. This is the subjgfcour near future
investigations.

Systematic Investigation on Two-Phase Gas-Liquid Hx
Transfer in Horizontal and Slightly Upward Inclined Pipe Flows

In this section we present an overview of the déffié trends
that we have observed in the heat transfer beha¥ithre two-phase
air-water flow in horizontal and inclined pipes fawariety of flow
patterns. The two-phase heat transfer data weraingot by
systematically varying the air or water flow ratasd the pipe
inclination angle.

Figure 26 provides an overview of the pronouncdhiémce of
the flow pattern, superficial liquid Reynolds numki@ater flow
rate) and superficial gas Reynolds number (air flate) on the two-
phase mean heat transfer coefficient in horizopi@d flows. The
results presented in Fig. 26(a) clearly show thai-phase mean
heat transfer coefficients are strongly influendeg the liquid
superficial Reynolds numbeRé&;). As shown in Fig. 26(a), the
heat transfer coefficient increases proportionayRe;_ increases.

In addition, for a fixedRey, the two-phase mean heat transfer

coefficients are also influenced by the gas sugieifiReynolds

number Re;g and each flow pattern shows its own distinguished

heat transfer trend as shown in Fig. 26(b). Typicdleat transfer
increases at loviReyg (the regime of plug flow), and then slightly

decreases at the mid rangeRefs (the regime of slug and slug-type Figure 25.
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transitional flows), and again increases at thé Rg (the regime
of annular flow).

Flow Pattern
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Figure 24. Variation of two-phase heat transfer co efficients with
superficial liquid and gas reynolds numbers in a horizontal flow.
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Figure 25. (Continued)..

To complicate matters even further, we also stuthieceffect of
inclination angle on two-phase heat transfer inepffows for
different flow patterns. To demonstrate the effefcinclination we
have selected three representative runs from thatsepresented in

effect of inclination on the two-phase heat transfe very
complicated and depends on fRe_and the flow patterrRe;g). At

low Re; values the effect is significant and decreasesh wit
increasingRe;_ Also for a fixedRe;, as the flow pattern changes
(increasingResg), the enhancement in two-phase heat transferaue t
inclination decreases. The figure shows thatamy Re;|, Resg,
and flow pattern but also inclination affects thveo{phase heat
transfer. In general, the typical trend of heah$fer shown in Fig.
26(b) was also repeated in the inclined cases. Memé¢he results
clearly show that a slight change in the inclinatiangle has a
significant effect on the two-phase heat transéspecially in the
mid range ofRee Therefore, to fully understand the two-phase
heat transfer behavior in inclined pipes, furthgstematic research
is required to fully realize the complicated redaship that exits
betweerRe;, Resg and flow pattern.

In order to conduct a more detailed comparison, daéa
matching the flow patterns between horizontal amzdlined flows
were selected and compared to see how much heafdrancreased
in the inclined cases. Note that as the test@eatias inclined in
the upward position, the flow patterns at certaises were changed;
for example, wavy-type transitional flow patternshiorizontal flow
were changed to slug-type transitional flow patierA total of 68
horizontal flow data points were compared with theirresponding
inclined flow data. The detailed results are shawiTable 9. As

Fig. 26(b) Res. = 5000, 12000, and 17000) and varied theghown in the table, slug flow shows the biggestafbn two-phase

inclination angle of the pipe, going from the horizal position to

heat transfer due to inclination. At thé &pward inclined position,

2°, 5°, and 7 upward inclined positions. Figure 26 shows thet healug flow had an average increase of 45.3% aghiritontal flow.

transfer results for these cases. The resultslglslaow that a slight
change in the inclination angle (sa$) as a significant positive
effect on the two-phase heat transfer and the teffecreases with
increasing the inclination angle. The figure aldwmwes that the

Table 9. Increases of inclined flow

In contrast, annular flow, which is the flow mairdyiven by inertia
forces of gas phase, shows little effect on heanhsfier due to
inclination at 2 position.

hy, aginst horizontal flow  hy,.

Horizontal 2° 5° 7°
Pattern o o O O o .
(No. Data) Re. Ree hrp 0°to 2 |0°t05 2°t05 |0°to7 2°t0 7 5°to 7
[W/m?K] | [%] [%0] [%0] [%] [%] [%]

Plug MIN |16979 1651 2435 | 44| 55  -14] 123 04 05
) MAX | 25510 2535 4096 | 15.7| 269 97| 273 118 80
AVG | - ; . 106 | 147 36| 194 79 42
Siug MIN | 4777 2026 605 | 133| 128 -54 14 66 -13.1
(25) MAX |25321 7479 4013 | 554| 884 244 936 281 51
AVG | - - - 308 | 453 106| 375 44 55
SlugBubpy | VN [6801 7346 921 [ 166 237 09 17 28 -116
10) MAX | 21640 12942 3295 | 383 | 722 25| 768 318 54
AVG | - ; . 265 | 428 127| 359 7 5.1
Slug/Bubbly/Annuial M | 6810 20723 1369 2 71 35 7 29 15
a0 MAX | 16453 24879 3439 | 233 | 443 17| 511 225 6.0
AVG | - - - 96 | 207 101| 225 117 13

MIN | 4793 28281 1374 | -16 | 32 42| 44 23 18

A'E;‘g)'ar 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/dykmnular
flow, and annular flow, showed that the heat transhte increased
as the test setup was inclined frofup to 7. However, the other
flow patterns, which are slug flow and slug/bubfiyw, had the

inclination on the heat transfer of two-phase gqsidl flow is
significant in the slug and slug/bubbly flow patigr which had an
increase in the heat transfer which was much niwe the average
increase of 20% compared to the horizontal flow. heSe

maximum increase at thé fhclination position, and then the effect observations are well presented in Fig. 27. Thepaison results

of inclination was decreased af.7 Most of all, the effect of

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright
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presented in Table 9 and Fig. 27 indicate that shey and
slug/bubbly flows show a much more pronounced ecérment in
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the two-phase heat transfer at all inclination esgh comparison to
the other flow patterns shown (plug flow, slug/blytdmnular flow,
annular flow). The difference between the two goouwd flow
patterns has to do with the degree of mixing betwesech phase and
the inertia force carried by each phase againgbtlogancy force.

50 -

éao - Z% Z% ﬁggeg

g v .

< iy B

g T e =

o PLUG SLUG BS ABS ANNULAR
Flow Pattern

Figure 26. Increases of inclined flow  hy, against horizontal flow hy, .

For a more detailed look at the effect of inclination heat
transfer in two-phase gas-liquid flow, the increamsk, versusRe;,
for each flow pattern is presented in Fig. 27. Asven in the figure,
except for the case of annular flow, all other flpatterns indicated
that the effect of the inclination at loRe;, was significantly high
and then decreased with increasieg,. In the case of slug flow,
the increase in the heat transfer was as much #s &Re; of

around 5000 and at thé Biclined position. However, it dropped to

A.J. Ghajar
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Figure 27. (Continued).

around 13% aRe;_ of around 25,000. This drop can be expressed

as a drastic change in the effect of inclinationtlom heat transfer.
The other flow patterns, except annular flow, skzogimilar trend as
that of slug flow. These trends show that the iaseeof the inertia
force in the fluid phases suppresses the effectotihation.
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Figure 27. Increases of inclined flow h

pattern.

tp against horizontal flow h 4, by flow
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The effect of inclination on heat transfer in nasiling two-
phase gas-liquid flow has been presented in manys @ better
understand the mechanisms involved. As presentekisnsection,
heat transfer in non-boiling two-phase gas-liquavfis influenced
by each ofRe;, Reg flow pattern, and inclination angle in a very
complicated way. With increasiriRe;,, heat transfer proportionally
increased regardless of the rest of the factorsvaByingResq the
distinguished trends of heat transfer by flow patevere observed.
Furthermore, significant changes were observechintivo-phase
heat transfer of air-water flow with a slight up@anclination of the
pipe from the horizontal position.

The inclined heat transfer results presented is $leiction for
the different flow patterns shed some light on thfiéect of
inclination angle on the two-phase heat transferditferent flow
patterns, and at the time raises a few additionaktipns. What is
the relationship among the inclination angle, tlwsvfpattern, and
heat transfer? How much enhancement for a spdtific pattern
should one expect due to inclination? What is optiinclination
angle for enhancement? These questions requirensgst heat
transfer measurements for a variety of flow patand inclination
angles.

Heat Transfer Correlations for Horizontal and Inclined Slug
and Annular Flows

In an earlier section of this paper we presentedoaphase heat
transfer correlation for horizontal flow in pipesee Eq. (62) and
Table 8. In this section we will continue that effoy modifying our
proposed general heat transfer correlation to attcfan inclination
effect on two-phase heat transfer. For this purpesevill use our
horizontal and inclined slug and annular flow heansfer results
presented and discussed in conjunction with Figsta227. The
modified form of our general correlation, Eq. (&@}h inclusion of
an inclination factor is:
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m n D q o horizontal orientation, 16 points &t ihcline, 46 points at%incline,
hrp=@-a)h |1+C (Lj [i] [E] [&] [1+9D8|n9] (65) and_46 points in the °7incline position. Table 10 and Fig. 28
1-x) \1-a) | Pi ) 4 u%l_ provide the details of the correlation and how vk proposed
correlation predicted the experimental data. Fag sflow, the
correlation predicted the experimental data withoamerall mean
where h, comes from the Sieder and Tate (1936) heat transfgeviation of —1.08%, amnms deviation of 11.2%, and a deviation
correlation (see Table 3). range of —39.9 to 16.7%. Only 9 of the 140 datanisoiwere
To determine the values of the leading coeffici¢@) and predicted with more than +20% deviation. For aandlow, the
constants r, n, p, g, r) in Eq. (65), the horizontal and inclined correlation predicted the experimental data withomerall mean
experimental data of Ghajar et al. (2004a,b,c)sfog and annular deviation of 0.75%, amms deviation of 11.4%, and a deviation
flows were used. For slug flow, we used a totall4® data points range of —24.3 to 22.3%. Only 8 of the 155 datantsowere
with 36 points in the horizontal orientation, 37imie at 2 incline,  predicted with more than +20% deviation. Detail$haf range of the
34 points at 5incline, and 33 points in the® Tcline position. For parameters used in the correlation are present€dtte 10.
annular flow, we used a total of 155 data pointhwi7 points in the

Table 10. Curve-fitted constants, results of predi
parameter range for eq. (65).

ctions of the horizontal and inclined slug and annu lar air-water flow experimental data, and the
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Figure 28.
transfer correlation, eq.(65),with the horizontal a
annular air-water flow experimental data.
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Considering the values of the exponents given ibl&rd0 for
slug and annular flows, note the considerable wiffees in the
values of the exponent of the void fraction ratif(1-a)], n, and the
inclination factor [1+§DSin@)/(u%,)], r, for both flows. Aside from
the exponents ‘n’ and ‘r’, the rest of the exposemte the same for
both flows. For the annular flow, the exponent 8’ nearly
negligible and the exponent ‘r’ has a value muchlenthan that of
the slug flow. The small value of ‘r means thatinnular flow, the
inclination factor contributes less in comparisonttie slug flow.
Physically this means that in annular flow, thertimeforce carried
by the gas phase is more dominant than the buoyfamcg, thus,
the inclination factor has little effect on the afar flow. In
reference to the exponent ‘n’ for the void fracticatio, it was
shown in section 6.2 that the void fractianis comparable to the
gas-liquid diameter ratid)/D,. Considering the annular flow, due
to the presence of a permanent liquid film whiclrers the inside
wall of the pipe, the effective circumferential heansfer area stays
fairly constant. Thus, the contribution of the vdidction ratio is
minimal. In the case of the annular flow this meams almost
negligible value for the exponent ‘r. These cosaims are based
on a limited set of experimental data and flow grais. We will
pursue this line of reasoning with additional dtitat we plan to
collect in our experimental facility.

These results provide additional validation on ribleustness of
our proposed two-phase heat transfer correlatioraddition, the
modification made to the general heat transferetation to account
for the effect of inclination appears to be corré@e will continue
our validation of the proposed modified general theansfer
correlation, Eq. (65), by comparing it with addit&d two-phase
inclined heat transfer data for different flow patis as the data
becomes available from our laboratory.
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Future Plans

As it was presented in section 6 of this paperhaee made a
lot of progress in understanding the heat trancfieracteristics of
non-boiling, two-phase, air-water flow in verticdlprizontal, and
inclined pipes for a variety of flow patterns. Hoxee, we still have
a long ways to go. In order to have a much betteletstanding of
the heat transfer mechanism in each flow pattethdiffierent pipe
orientations, we plan to perform systematic heaandfer
measurements to capture the effect of several pessn that
influence the heat transfer results. We will comptat these
measurements with extensive flow visualizations.

We also plan to take systematic isothermal pressirp
measurements in the same regions that we will wbtai have
obtained heat transfer data. We will then use teegure drop data
through “modified Reynolds Analogy” to back out heeansfer
data. By comparing the predicted heat transferltesgainst our
experimental heat transfer results, we would be #bkstablish the
correct form of the “modified Reynolds Analogy”. Gnthe correct
relationship has been established, it will be useabtain two-phase
heat transfer data for the regions that due limoiat of our
experimental setup we did not collect heat trangfata. The
additional task at this stage would be collectidnisothermal
pressure drop in these regions.

The above-mentioned systematic measurements Val als to
develop a complete database for the developmert ‘feneral”
two-phase non-boiling heat transfer correlationolhaccounts for
the influence of flow orientation and flow pattern.
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