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Abstract

An improved two-phase flow pattern map is proposed for evaporation in horizontal tubes. Based on new flow
pattern data for three different refrigerants covering a wide range of mass velocities, vapor qualities and heat fluxes. The
new flow pattern map includes the prediction of the onset of dryout at the top of the tube during evaporation inside
horizontal tubes as a function of heat flux and flow parameters and is an extension to the flow pattern map model of
Kattan et al. [J. Heat Transfer 120 (1998) 140]. The proposed modifications allow an accurate prediction of the flow
pattern for very different fluids which are the substitute refrigerants (HFC-134a and HFC-407C) and the natural re-
frigerant R-717 (ammonia). © 2001 Published by Elsevier Science Ltd.

1. Introduction

The replacement of CFC refrigerants in refrigeration
systems, heat pumps and organic Rankine cycles
requires a good knowledge of the heat transfer and
pressure drop properties of the substitute fluids. A
contribution to this international effort is proposed with
the study of two hydrofluorocarbon refrigerants (HFC-
134a and the zeotropic mixture HFC-407C) and the
study of the natural refrigerant ammonia.

Two-phase flow patterns are reported in tubular sight
glasses located directly at the exit of 3.01 m long heat
transfer test sections. The experimental test section is
composed of two concentric tubes, with evaporation of
the refrigerant inside the inner tube and counter-current
water heating in the annulus. A new database of two-
phase flow patterns for the refrigerants HFC-134a,
HFC-407C and ammonia has been collected and used to
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develop a new and more general two-phase flow pattern
map for horizontal tubes.

Within the range of the present tests, four of the six
main flow patterns have been observed, i.e. stratified
flow (S), stratified-wavy flow (SW), intermittent flow (I)
and annular flow (A). The other two types of flow pat-
terns (bubbly and mist flows) were not observed as they
occur at flow rates higher than the operating limits of the
test facility.

Kattan [2] made a review of flow pattern map mod-
els. Comparing those of Taitel and Dukler [3], Hashiz-
ume [4], Klimenko and Fyodorov [5] and Steiner [6] to
his database of five refrigerants, he concluded that the
most accurate was that of Steiner [6]. Kattan et al. [1]
proposed a modified version of Steiner’s map to take
into account the effect of heat flux on the onset of dryout
and to improve the stratified-wavy to annular transition
prediction. Moreover they converted it into an easier
format to use. Very good agreement has been found with
the map of Kattan et al. [1] for HFC-134a, HFC-402A,
HFC-404A, HFCI123, CFC-502 and HFC-407C. Nev-
ertheless, the prediction of the stratified to stratified-
wavy transition still required perfection since the mini-
mum mass velocities they tested did not reach that
transition for the fluids considered.

Following the general concept of Kattan et al. [1] and
based on the void fraction study and the assumptions of
the model of Steiner [7], some new adaptations to his
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Nomenclature Greek symbols
o void fraction (dimensionless)

A cross-sectional area (m?) 0 liquid layer thickness (m)
B, pressure drop function (Pa) Owet wetted angle (rad)
D diameter (m) A friction factor (dimensionless)
Dy, hydraulic diameter (m) u dynamic viscosity (Pa s)
Fr Froude number (dimensionless) v angle of evaporator (=0) (rad)
G mass velocity [kg/(m? s)] Epn non-dimensional factor (dimensionless)
g acceleration of gravity (m/s?) 0 density (kg/m?)
G, G, heat flux functions (dimensionless) a surface tension (N/m)
Aheyap latent enthalpy (J/kg)
hy liquid height in the tube (m) Subscripts
q heat flux (W/m?) A annular
Re Reynolds number (dimensionless) crit critical
S contact perimeter (m) I intermittent
s sheltering coefficient i interface

(dimensionless) L liquid
T temperature (K) MF mist flow
u velocity (m/s) Strat stratified
We Weber number (dimensionless) Wavy stratified-wavy
X vapor quality (dimensionless) v vapor
Xy Martinelli parameter wet wetted

(dimensionless) ) non-dimensional value of a parameter

original flow map are proposed here to obtain a new
flow pattern map that better agrees with fluids of quite
different physical properties like ammonia. Rather than
first showing the flow pattern data and then the pro-
posed modifications to the transition equations, the
observations will be presented afterwards to avoid their
repetition.

2. Generalities on flow pattern
2.1. The stratified flow pattern

The stratified flow pattern is characterized by the
separation of the liquid and vapor phases by a smooth
interface. This flow pattern occurs at very low mass
velocities when the Kelvin—-Helmholtz instability cri-
terion is counter-balanced by the viscous forces. Fig. 1
depicts the cross-section of stratified two-phase flow.
The areas designated by A4 are cross-sectional areas and
S refers to the characteristic lengths (perimeter and in-
terface). The internal diameter is D. The subscripts refer
to vapor (V), liquid (L) and the interface (i). The geo-
metrical relationships for this flow pattern are as fol-
lows:

Oue
SL:D717 (1)
SV = D(‘II - 9;&)7 (2)

2

D .
Ay = 5 27 — 20y + 58I Oye] = A4 — AL

Finally the liquid height is:

Fig. 1. Two-phase flow cross-section.
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Fig. 2. Three different stratified-wavy flow patterns of pure ammonia flowing at x = 0.20 and G = 26 kg/m? s, x = 0.20 and G = 60 kg/

m? s and x = 0.80 and G = 41 kg/m’ s.

With respect to the stratified geometry, the liquid height
is a direct function of void fraction.

2.2. The stratified-wavy flow pattern

The stratified-wavy flow pattern is characterized by a
wavy interface of the liquid as shown in Fig. 2. This flow
pattern is a transitional one where waves exist but these
are of a reduced magnitude and are not able to reach the
top of the tube. In a cross-sectional view, the interface is
curved.

2.3. The annular flow pattern

The annular flow pattern is obtained when the liquid
wets all the tube periphery with the vapor flowing at the
center of the tube. Due to gravity, the film thickness is
not uniform around the periphery but is thicker at the
bottom. Fig. 3 depicts a video image of annular flow for
ammonia.

The annular flow pattern has been considered to be
reached when the motion of the liquid flowing at the top
of the tube is comparable to that of the liquid at the
bottom of the tube. Globally, the heat transfer coef-
ficient for annular flows shows a constant increase in
value with increasing vapor quality, until the breakup of
the liquid film at the top of the tube occurs at the onset
of dryout. The heat transfer coefficient reaches its peak
at this point and then decreases very rapidly towards the

Fig. 3. Annular flow pattern of pure ammonia flowing at
x=0.81 and G = 122 kg/m? s.

value of the all vapor heat transfer coefficient. Thus, the
onset of dryout in the annular flow regime is important
for modelling heat transfer.

2.4. The intermittent flow pattern

The intermittent flow pattern occurs at low vapor
quality. It groups unsteady flow patterns like plug and
slug flows. Due to the unsteadiness of the flow, the tube
periphery is almost constantly wetted by the large am-
plitude waves that frequently wash the top of the tube.
Fig. 4 shows two video images of intermittent flow for
ammonia. The transition criterion between intermittent
and annular flow is recognized to be mainly a function
of void fraction. Between successive large amplitude
waves, the flow pattern is temporarily stratified or
stratified-wavy with a thin liquid film left behind around
the top perimeter of the tube by the passing waves.

3. Description of the Kattan et al. flow pattern map
3.1. Equation of the S—-SW transition

The model used to define the stratified to stratified-
wavy transition is similar to the one developed earlier by
Taitel and Dukler [3]. The transition is obtained when
the pressure and the shear work on a wave overcome the
viscous dissipation of the wave. Note that the descrip-
tion of the complete phenomenon has been admitted by
both authors not to be complete but is still generally
accepted. Steiner [7], however proposed using a smaller
value of the sheltering coefficient s = 0.005 to finally
obtain:

1/3

AL A3 -
GStraLSteiner - 22632 ‘ L VpV(pL pV)”LgCOSV ’
wx2(1 —x)

()

where Ap = A, /D* and Ay = Ay/D* are non-dimen-
sional cross-sectional areas. Thus, they are functions
of void fraction. Kattan et al. [1] also adopted Eq. (7).
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Fig. 4. Intermittent flow pattern of pure ammonia flowing at x = 0.06 and G = 180 kg/m” s. Both images are from the same video

sequence.

Note that for horizontal flow, the angle v is equal to
Zero.

3.2. Equation of the SW-A/I transition

Compared to the approach of Taitel and Dukler [3]
and Steiner [7] included the effect of surface tension as a
consequence of capillary waves to obtain:

GWavy,Stcincr

B 1643,¢Dpy py 2 (Fr) N 1
22 1—(2i11_—1)2 255% We ), cosv|

(8)

where cross-sectional areas and liquid height are pre-
sented in dimensionless form as originally proposed by
Taitel and Dukler [3]: &, = h /D, Ay = Ay /D>, etc., and
where:

2
(Fr-i) =(”—L d )=—° , 9)
We), \gDpuiD) gDp.
The Weber number We is the ratio of inertia to surface
tension forces. The Froude number Fr is a ratio of in-
ertia to gravity forces. Both are expressed with the di-
ameter of the tube as characteristic length.

Kattan et al. [1] proposed two changes to the above
boundary. First, they introduced the heat flux effect on
the onset of dryout by modifying the Fir/We ratio in the
following way:

Gy
e [(@)]
where
G, :48.24<,q > (11)
Grit
and
G, =9.65 (ilzn> + 1.053, (12)

where ¢ is the heat flux and ¢ is the critical heat flux
for nucleate pool boiling calculated from the Ku-
tateladze correlation, which is:

Gerit = 0.131 /Py Ahevapg(pL — py)a]. (13)

This heat flux function tends to translate the stratified-
wavy to annular transition boundary to lower vapor
qualities with increasing heat flux. They also proposed
an additional term to translate the boundary vertically
upward by 50 kg/m? s to better match their observations.
Their transition boundary for horizontal flow (v = 0) is:

G _ 1643¢Dpy py
Wavy Kattan — —
x4y /1 — (2hy — 1)
) G» 1/2
T G Fr
X |1 +=—=(1-x) 1[(—) } +50. (14
25kt We )

As this transition boundary was not effective for am-
monia, Zircher et al. [8] proposed an empirical correc-
tion as follows:

GWavy.Ziircher et al. — GWavy,Kattan
(x> —0.97)
7Sexp{ [ =) . (15)

Still, the heat flux correction defined with Egs. (11) and
(12) was too strong for a reasonable prediction of the
onset of dryout region.

3.3. Equation of the A-I transition

Steiner [7] and Kattan et al. [1] proposed the inter-
mittent to annular flow pattern transition to occur at a
fixed value of the Martinelli parameter (X, = 0.34 for
both phases turbulent and X, = 0.51 for laminar liquid
and turbulent vapor flow) such that:

0.125 1 —x 0.875 0.5
X, = (ﬂ) (—) (”—V) =0.34. (16)
Hy x PL
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This value is quite far from the one proposed by Taitel
and Dukler [3] (X; = 1.6) but the experimental obser-
vations were much better predicted using Eq. (16).

3.4. Equation of the A—MF transition

The following equation has been proposed by Steiner
[7] for the annular to mist flow pattern transition:
. 0.5
768043gDpy py ( Fr ) 7 (17)
L

x2m2Epy,

GMESIcincr - l: We

where &py, is the friction factor for rough pipes given by
Prandtl and Nikuradse:

-2
V4
Epn = {1.1384—210g(1 1 )] . (18)

. L

Kattan et al. [1] used the same equation but added a
criterion to avoid the possibility of a mist flow reverting
back again to annular flow with increasing vapor qual-
ity. Therefore, once the minimum value of the mass
velocity is reached with Eq. (17), this minimum value is
then applied at all higher vapor qualities. Thus, at the
end of evaporation this transition curve is flat. [t must be
noted that this transition boundary has not been inves-
tigated experimentally in this work because of a limited
pump capacity.

3.5. General comments about the Kattan et al. flow map

If the criteria proposed by Taitel and Dukler [3] are
still recognized, their limitation for the prediction of the
data collected in our laboratory has been shown in
Kattan et al. [1]. It has been experimentally observed
that the offset of Kattan et al. [1] (see Eq. (14)) is ap-
propriate to the HFC-407C and HFC-134a refrigerants,
but not for ammonia. The method of Steiner produced
the inverse conclusion (good for ammonia and poor for
HFC’s). Also to be mentioned, the heat flux correction
for the onset of dryout at high vapor quality seems to be

R717 T=4°C q=0 W/m*2 D=14 mm

A ‘
N A
\

—

~

=160 \

2120 ~
2100 \ \\ T~

so AN @ //
60 \ \ sw T
40 \ E—

20 s —

0 t

0 10 20 30 40 50 60 70 80 90 100
Vapor Quality [%]

Fig. 5. Flow map without heat flux applied to ammonia with
SW-A transition of Kattan (a) and Steiner (b).

too strong for ammonia where much more data have
been obtained in the present investigation than in Kat-
tan et al. [1]. Fig. 5 shows a comparison of the stratified-
wavy to annular transition of Kattan et al. to that of
Steiner for ammonia.

4. New flow pattern map transition criteria

Several transition criteria use the void fraction to
determine dimensionless velocities or cross-sectional
surface areas. In the form proposed by Taitel and
Dukler [3], Steiner [7] or Kattan [2], these parameters are
based on the stratified configuration (liquid height pre-
diction in a stratified configuration as in Fig. 1 in itself
defines the void fraction).

Zuber and Findlay [9] explained with the notion of a
distribution parameter that void fraction is dependent on
flow pattern. This point has been experimentally ob-
served through pressure level jumps when crossing given
flow pattern transitions. The intermittent to annular
transition had strong effects with pressure level jumps up
to 0.5 bar while the stratified to stratified-wavy and the
stratified-wavy to annular transitions had no noticeable
effects.

This means that void fraction is not a continuous
function during flow pattern transition, and that differ-
ent void fraction models, based on flow pattern should
be used. This is in agreement with the conclusions of
Zuber and Findlay [9]. For example, it would be possible
to define the stratified to stratified-wavy transition with
the Taitel and Dukler [3] model (based on a stratified
cross-section) and then to define the stratified-wavy to
annular transition with an annular void fraction model
as proposed for instance by Tandon et al. [10]. More
specifically, it means that any flow pattern transition
could be defined by two lines as the transitions might be
analyzed from both flow directions, and thus gives rise
to prediction of a transition zone that is typical of ex-
perimental observations. However, this approach would
lead to a new level of complexity that is not presently
justifiable.

As Zuber and Findlay [9] proposed that the void
fraction can be different for different flow patterns, it
means that the dimensionless parameters used by
Taitel and Dukler [3] do not take into account the
representative velocities or cross-sectional areas for
other transitions, for example the stratified-wavy to
annular one. Furthermore, the Zuber and Findlay
drift flux model demonstrates clearly that void fraction
is a function of mass velocity. Neither the model
proposed by Taitel and Dukler [3], nor the one pro-
posed by Steiner, are a function of mass velocity.
Thus, it is important to define the most consistent
void fraction model adapted to each flow pattern in
predicting flow regimes transitions.
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4.1. The new stratified to stratified-wavy transition

This transition is analysed from the stratified flow
region. Thus, the void fraction model of Taitel and
Dukler [3] is adopted. Since there is no particular ad-
vantage in the use of the non-dimensional variables
proposed by Taitel and Dukler [3], Eq. (19) is similar to
the original expression for horizontal flow, but expressed
in terms of void fraction and dimensional perimeters:

2| (50" _ (Sv+5)" (Sy+Si Si _
R B e ) | R
(19)

This also means that the void fraction model of Taitel
and Dukler can be used in the stratified flow regime and
along the stratified to stratified-wavy boundary.

Thus, the stratified to stratified-wavy transition is
similar to the one used by Kattan and developed by
Steiner (see Eq. (7)). Nevertheless, it is more appropriate
to represent Eq. (7) in terms of void fraction as:

o?(1 — o) 173
Gsirat = [800 - m ~pvg(oL — py)p -coSV|

(20)

where cos v = 1 for horizontal flow. In this formulation,
the effect of void fraction on the transition boundary is
more explicit.

4.2. The new intermittent to annular transition

As the original transition proposed by Kattan [2]
provided accurate results, the criterion based on the
Martinelli parameter and the equation originally pro-
posed by Steiner [6] (see Eq. (16)) is adopted here.

4.3. The new stratified-wavy to annular transition

This transition is analysed as being approached from
the annular flow regime. As the interfacial interaction
terms are important, this flow pattern should not be
represented with the separated flow model. Annular flow
is better represented by the drift flux model (which is a
reduced formulation of the two-fluid model) as pro-
posed by Ishii [11]. Consequently, the void fraction
model proposed by Rouhani and Steiner will be used in
the region of annular flow and along the stratified-wavy
to annular boundary:

X

ORouhani =

\% Pv PL

(14+0.12(1 _x))[i_klfx}

(21

1/2

| L18(1 - x)[ga(py pm”“] _
Gp\/

Based on the model proposed by Steiner [7], which takes
into account the surface tension and the gravity forces
and assuming that the void fraction model of Rouhani/
Steiner is a good representation of the effective void
fraction, the new stratified-wavy to annular transition
has been modified with the addition of a dissipation
function along the length of a wave. The same procedure
to account for the effect of heat flux developed by
Kattan et al. [1] is used here but with a reduced influence
compared to the original one. Very good agreement for
both HFC-134a and ammonia has been found with the
following expression:

GWavy,New
_ gDp Ly’ L (1— )0 (ﬂ)Gz
2x2/2(1 = cos Oyer) 25K We ),
- 1/2
hL/Lszz (22)
B, - pVO(S/Z

with B, = 3.0 Pa. The first two terms in the bracket are
equivalent to that in Eq. (14) written in terms of void
fraction and wetting angle, while the last term represents
the dissipation function. Assuming an annular core of
the vapor and a smooth and motionless interface, the
pressure drop is calculated along the liquid wave length,
while the value of B, is obtained in agreement with the
flow pattern vizualisations of refrigerants HFC-134a
and ammonia.

Fig. 6 shows the influence of the dissipation function
on the stratified-wavy to annular flow pattern transition
in adiabatic conditions with the use of the void fraction

o 180 o\ ~R717 T=4°C - D=14:0- mm -
81604\ N\ - Void Rouhani

< 140

=120

21004
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o
=)
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Fig. 6. Effect of the dissipation term of Eq. (22) on the strati-

fied-wavy to annular transition in adiabatic conditions for

ammonia (upper part) and HFC-134a (lower part).
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expression of Rouhani. The inclusion of the dissipation
term raises the transition threshold for both fluids. The
friction factor Z is calculated with the following relation
(turbulent flow and smooth pipe assumption):

2= (1.8logRep — 1.64) 7, (23)

where Rep is the liquid Reynolds number in annular
configuration (given in Eq. (27)).

The heat flux functions G| and G, will only be used
above a minimum non-dimensional value defined as:
43 0.0374 (24)
qerit

i.e. above the heat flux required for the onset of nucleate
boiling. For heat fluxes above this level, the two fol-
lowing relations will be used to move the onset of dryout
(and hence the transition line) to lower vapor qualities:

Gl_—24.12(,q > (25)
erit

02:4.825(,q >+1. (26)
Gerit

Comparing these two Egs. (11) and (12), the heat flux
effect has been weakened here to reflect the trend ob-
served in our new and larger database. If the heat flux is
below this threshold, the two heat flux functions G; and
G, are equal to zero, and, respectively, to one, which
means, based on Eq. (22), that the Froude to Weber ratio
is not affected by the heat flux. Note that the critical heat
flux g..;; has already been defined with Eq. (13).

The onset of dryout at the end of evaporation follows
the idea of Hsu [12], where it has been shown that a thin
liquid layer tends to decay in the presence of a hot spot
at the wall. This is due to the interfacial surface tension,
which is locally affected by the temperature gradient. In
the case of a turbulent liquid layer, a dry spot appears at
the top of the tube when the heat flux is above that given
in Eq. (24), which represents the onset of dryout (based
on our experimental flow visualizations and heat trans-
fer coefficients results). Below this heat flux, the data-
base showed that the onset of dryout occurs for a
constant value of Reynolds number of Repy = 650,
which is thought to represent the turbulent/laminar
transition of the liquid in two-phase flow. In this case,
the temperature gradient in the liquid layer between the
turbulent and the laminar regions of the film is sufficient
to create enough interfacial stress to lead to the onset of
dryout at low heat flux.

In annular flow the liquid layer thickness is rather
small compared to the tube radius. In such conditions, a
Reynolds number can be defined using the thickness of
the liquid layer as the characteristic dimension. From
the continuity equation and the definition of vapor
quality and void fraction, the Reynolds number Repy is:

4ppud _4Go1—x G(1—x)D
My o 1—u Ho '

ReDL = (27)
Thus, Eq. (22) is only applied to the case where the
liquid flow is turbulent (Rep. > 650). If the above
equation leads to liquid Reynolds numbers lower than
650, then the boundary will follow the turbulent/laminar
transition:

6504,

(1-x)D° (28)

GWavy,Ncw =
This last equation concerns only the onset of dryout part
of the transition, and presents a smooth transition with
Eq. (22). Fig. 7 shows the effect of heat flux on the
stratified-wavy to annular transition boundary, which
determines the onset of dryout at the end of evapora-
tion.

With these modifications, accurate prediction of the
flow pattern transition has been obtained for two dis-
similar refrigerants (ammonia and HFC-134a) over a
wide range of mass velocities, vapor qualities and heat
fluxes based on an analysis of the flow.

4.4. The new annular to mist flow transition

Since this transition was not experimentally reached
in the present tests, the original expression used by
Kattan [2] is adopted here (see Eqs. (17) and (18)).
The use of non-dimensional variables as defined
through the stratified cross-section presents no par-
ticular advantage and thus, these two equations can be
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4 i wma | ]
N 00 ; T~
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Fig. 7. Effect of heat flux on the stratified-wavy to annular
transition boundary of the new flow map applied to the re-
frigerant HFC-134a and to ammonia.
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directly expressed in terms of void fraction in one
expression as:

o 8

Fr 03
x |480gDp p (—) ] . (29)
{ P\ e ),

5. Implementation of the new flow map

The new flow pattern map transition boundaries can
be calculated once the tube diameter, the vapor quality,
the saturation temperature and the mean heat flux are
defined and the other physical properties of the fluid are
obtained at the operating temperature. The critical heat
flux is also evaluated with the method of Kutateladze
(see Eq. (13)).

The stratified to stratified-wavy boundary is first
calculated with the void fraction model proposed by
Taitel and Dukler [3] (see Eq. (19)). As this void fraction
model is independent of mass velocity, only the void
fraction equation has to be iterated for each different
vapor quality.

Comparison of the desired mass velocity with the
transitional value of the stratified to stratified boundary
for a given vapor quality will show if the flow is stratified
(G < Ggyay) or noOt.

Another boundary easily obtainable is the intermit-
tent to annular transition. This boundary is calculated
with Eq. (16) with an explicit expression. With respect of
the other boundaries, the flow will be intermittent for
X < Xy/A-

The mist flow boundary Gyr has to be found by
iteration since the void fraction model of Rouhani
depends on the mass velocity. For each vapor quality, an
initial mass velocity is chosen (GyEinic = 1000 is a con-
venient value). With this value, the void fraction of
Roubhani is calculated (Eq. (21)) and then the boundary
(Eq. (29)). The new mass velocity is then used to recal-
culate the void fraction of Rouhani, and so on until
convergence of the new mass velocity and the value at
the boundary. The convergence criterion used in this
work is |AG| < 1 kg/(m? s) between these values. The
general shape of the mist flow boundary is a continuous
decrease until vapor quality reaches about x = 70%.
There, a minimum is reached at (XmF min, GMFmin)- INOI-
mally, Eq. (29) would predict a rapid rise in the transi-
tion mass velocity for x > Xypmin. Since there is no
reason that a mist flow should revert to annular flow
with increasing quality as noted by Kattan et al. [1], this
boundary is constraint at its minimum when x > X min-

The stratified-wavy to annular (or intermittent)
transition is quite similar to the mist flow boundary
identification procedure. An initial mass velocity is first

set t0 Gwavy,init =~ 1000 kg/(m? s). Then the void fraction

is calculated with Rouhani (Eq. (21)). The liquid Rey-

nolds number applied to annular flow is determined with

Egs. (27) and (28) is used only when Rep < 650. For

higher Reynolds values, the ratio of the mean heat flux

to the critical heat flux calculated with the relation of

Kutateladze (Eq. (13)) is determined. If the non-di-

mensional heat flux is large as defined with Eq. (24), then

the functions Gy, G, are calculated with Egs. (25) and

(26). If the non-dimensional heat flux is smaller than the

threshold value for onset of nucleate boiling, then

G; =0 and G, = 1. Next Eq. (22) is evaluated and the

mass velocity obtained is used as the new initial value in

the void fraction model, and so on until convergence of
successive mass velocities.

The following criteria must also be applied to the
transition equations where they intersect:

e The stratified-wavy to annular boundary needs not
be defined in the mist flow region. Thus, at the end
of evaporation when Gway > Gur, the value of the
mist flow boundary Gy is adopted as the limit to
the stratified-wavy to annular boundary Gwayy.

¢ The intermittent to annular transition xy/4 is defined
from the stratified-wavy to annular flow pattern
boundary Gwayy up to the mist flow boundary Gy.

Fig. 8 summarizes the set of equations and the pro-

cedure to be followed for the implementation of the flow

pattern map.

6. Experimental results

For a detailed description of the test facility and
measurement accuracies, refer to Kattan et al. [1] and to
Ziircher et al. [8]. All three refrigerants were evaporated
at a saturation temperature of 4°C. HFC-134a and
HFC-407C were tested inside a tube of diameter 10.92
mm over a heat flux range of 2-5 kW/m? and three mass
velocities of 100, 200 and 300 kg/(m? s), in which strat-
ified-wavy, intermittent and annular flow regimes were
observed. The sight glasses at the end of the test section
had the same internal diameter.

For ammonia, the tests were conducted for an inter-
nal tube and sight glass diameter of 14.00 mm, a heat flux
range of 5-70 kW/m? and 11 mass velocities of 10, 20, 30,
40, 45, 50, 55, 60, 80, 120 and 140 kg/(m? s), in which
stratified, stratified-wavy, intermittent and annular flow
patterns were observed. Additional tests, varying the
mass velocity at constant vapor qualities (x = 20%, 50%,
80%), were made in particular to better characterize the
transition boundaries between flow patterns. The flow
patterns were observed and videotaped through glass
sections at both ends of the 3.01 m long test tube, but
only those at the exit were placed in the database since
the inlet sight glass is located just after a transfer line
from the preheater to the evaporator test section.
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Fig. 8. Solution scheme for the new flow pattern map.

6.1. Ammonia and the new flow pattern map

Fig. 9 shows the flow patterns observed on a G vs.
x map compared to the new transitional boundaries.
The flow patterns observed experimentally and classi-
fied as S, SW, A and I are the clearly defined flow
patterns. When the classification was not clear because
of fluctuations from one regime to another near the
transition zone, both patterns are noted, including
preference to the dominant one. For example, a flow
classified as X/Y is on the X to Y transition bound-
ary, with an undetermined preference of both X and
Y flow pattern. A flow classified as X/(Y) is also on
the same transition boundary, but this time the flow is
dominantly X, with occasional occurrence of the Y
flow pattern.

The transitions obtained on the map are based on a
mean temperature value of 4°C, while a mean heat flux
of 13.2 kW has been considered for the stratified-wavy
to annular transition. Nevertheless, the difference be-
tween the mean experimental heat flux and the one de-
fined for the map can be ignored as these are too low to

R717, T,4=4°C, D=14 mm, q mean: 13.18 kW/m?
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Fig. 9. Comparison of the Kattan et al. to the new method for
the stratified-wavy to intermittent and annular flow transition
boundary applied to flow pattern observations for ammonia.

displace the stratified-wavy to annular boundary (crite-
rion defined in Eq. (24)).

The heat flux has been experimentally found to be of
less importance than proposed by Kattan [1]. In ad-
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Fig. 10. Comparison of the Kattan et al. to the new method for
the stratified-wavy to intermittent and annular flow transition
boundary applied to flow pattern observations for HFC-134a.

dition, no effect on the onset of dryout of the stratified-
wavy to annular transition has been detected when the
heat flux was smaller than 45 kW/m?.

The intermittent to annular transition agrees very
well with the ammonia flow visualizations (as well as
with the two refrigerants HFC-134a and HFC-407C),
and further investigation regarding the existance of in-
termittent flow at lower mass velocities should be in-
vestigated, for example to extend its boundary down to
the stratified to stratified-wavy boundary.

While not drawn on Figs. 9 and 10, the stratified to
stratified-wavy flow transition proposed by Kattan [1] is
similar to the present approach. This is logical as the
void fraction defined by Steiner [6] is similar to the void
fraction model proposed by Taitel and Dukler [3].

The stratified to stratified-wavy transition boundary
is almost unchanged compared to the original one of
Steiner [7] and is in agreement with the results of am-
monia: the tests run at G = 10 kg/(m? s) were mostly
stratified while the tests run at G = 20 kg/(m? s) where
partially stratified and mostly stratified-wavy. As the
boundary is nearly horizontal over a vapor quality
change of =~ 50%, its real location is very difficult to
define. As no major change in experimental heat transfer
coefficient is observed at these conditions, the accuracy
in the definition of this boundary is of a lesser im-
portance than for others.

The new flow pattern map based on the void frac-
tions of Taitel and Dukler [3] and Rouhani [6] and in-
cluding the effect of pressure drop along the wave length
for the stratified-wavy to annular transition, showed
very good agreement with the experimental flow pattern
database for ammonia.

6.2. HFC-134a and the new flow pattern map

As the flow patterns observed with refrigerant HFC-
407C were very similar to those obtained with refriger-

ant HFC-134a, only the second refrigerant is presented
here for which more data are available.

Figs. 9 and 10 show a comparison of the map pro-
posed by Kattan [2] and the new stratified-wavy
boundary. The stratified-wavy to annular transition is
obtained with Egs. (14) and (22). The new boundary
satisfies the observations of Kattan [2] at the lowest mass
velocity (G = 100 kg/(m? s)) where the flow pattern is
stratified-wavy, and it satisfies the higher mass velocities
of G =200,300 kg/(m? s) where annular flow patterns
occur. Their minimum values for this boundary is
almost identical. Also, these predictions are in agree-
ment with the observations of Mermond [13] who found
the stratified-wavy to annular transition to be lower than
G = 150 kg/(m? s).

It seems also here that the intermittent to annular
transition could be extended until the stratified to
stratified-wavy boundary as similarly proposed with the
ammonia experimental results. In addition, referring to
the limited observations reported by Mermond [13] for
HFC-134a, we found very good agreement of the new
flow pattern map with their flow pattern data.

7. Conclusions

A review of the flow maps proposed by Steiner [7]
and Kattan et al. [1] has been presented and an im-
proved flow pattern map in agreement with the natural
refrigerant R717 has been proposed.

Taitel and Dukler, Steiner and Kattan et al. based
their transitional phenomena on the separated flow model
with the stratified geometry. With Kattan et al. [1], the
flow pattern prediction was very accurate for the HFCs.

In this work, the stratified to stratified-wavy tran-
sition is similar to the model proposed by Taitel and
Dukler [3] with the use of the sheltering coefficient de-
fined by Steiner [7]. The void fraction model used is also
the void fraction model defined by Taitel and Dukler [3]
as the flow geometry of the stratified flow has been taken
into account. The final expression of Taitel and Dukler
[3], which is a function of non-dimensional cross-sec-
tional areas, has been better expressed as a function of
void fraction.

The intermittent to annular transition has been de-
fined with the Martinelli parameter. Taitel and Dukler
[3] defined the transitional value in a logical way which
leads to a void fraction of /. = 0.5, while Steiner argued
experimental tests called for a smaller value of
hi =~ 0.25. Due to very good agreement with the am-
monia and the HFC-134a database, the value of Steiner
has been adopted in the new flow map.

As the annular to mist flow transition has not been
reached in our experimental facility, no further modifi-
cations to the method of Kattan et al. [1] were proposed
here.
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The stratified-wavy to annular transition has been
calculated with the Rouhani void fraction equation,
which is based on the drift flux model, that is more
appropriate to represent annular flow than the separated
flow model. The criterion of Taitel and Dukler [3] is
based on the growth of infinitesimal waves due to the
Bernoulli effect and compensated by gravity, while
Steiner [7] included also the surface tension forces. As
the general assumption of Steiner was a non-dissipative
flow of incompressible vapor, two additional influential
effects have been investigated: the compressibility and
the shear stress pressure drop of the vapor flow. It has
been concluded that only the shear stress dissipation is
sufficiently influential and it has been added to the
general expression proposed by Steiner [7]. Due to this
modification, the stratified-wavy to annular transition
has been found to be appropriate for the HFCs class of
refrigerants like HFC-134a and HFC-407C, as well as
for the natural refrigerant ammonia.

Based on our experimental results, no influence of
heat flux on the stratified to stratified-wavy and on the
intermittent to annular transitions has been found, while
only a reduced effect has been found on the stratified-
wavy to annular transition. The onset of dryout
phenomenon seems to be driven by a turbulent to lam-
inar transition occurring at Rep = 650 until a given heat
flux is reached, above which the approach proposed by
Kattan et al. [1] has been adopted.
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