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Analysis of post-CHF swirl flow heat transfer
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Abstract—A thermodynamic nonequilibrium model has been developed for a two-phase, vapor and liquid-
drop, dispersed swirl flow in a vertical tube with a twisted-tape insert. The solution of the nonlinear
differential equations proceeds from the critical heat flux location downstream through the post-CHF
region. Wall temperature, superheat vapor temperature, heat transfer rates to the phases, and phase velocity
distributions are predicted. Results were verified by comparison with experimental data from a heat
exchanger application with high pressure (16.0 MPa) boiling water heated by a flowing liquid. The resulting
low wall-superheat data used in this study were in the mass flux range of 910-1878 kg m ~? s™' with tape-
twist ratios of 2.51, 5.02 and 7.53 based on 180° of twist. Model predictions are presented for parameters
not measured experimentally which lend insight into post-CHF heat transfer under swirl flow conditions.

INTRODUCTION

SyYSTEMS that boil a fluid to saturated or superheated
vapor can potentially benefit from heat transfer aug-
mentation. Investigations into heat transfer aug-
mentation for single-phase flow are numerous, but
two-phase flow studies are few by comparison. Appli-
cations for augmented two-phase flow heat transfer
include refrigeration/air-conditioning evaporators,
electric power plant steam generators, and general
industrial boilers.

An augmentation method that is attractive for heat
exchanger applications imposes a swirl flow com-
ponent on the boiling fluid. An important two-phase
flow regime for such heat exchanger application is the
post-CHF region. Here the heat transfer coefficients
are considerably lower than the bubbly, slug or annu-
lar flow regimes occurring upstream of the critical heat
flux (CHF). Of specific interest to this investigation is
the post-CHF regime where swirl flow is generated by
twisted-tape inserts inside of tubes.

The majority of previous investigations in the post-
CHF regime of two-phase heat transfer have been
related to axial flow conditions. In addition, the large
majority of data in the engineering literature including
both axial and swirl flows in the post-CHF region were
obtained under the condition of high wall-superheat,
whereas low wall-superheat is indicative of many heat
exchangers employing convection heating. The high
superheat data for both axial and swirl flows have
shown a weak contribution to the heat transfer result-
ing from the direct interaction of the drops with the
heated tube walls. However, recent low wali-superheat
data [1, 2] indicate an increase in importance in this
mechanism.

Initial work on the prediction of heat transfer to
pipe flow augmented by twisted-tape inserts in the
post-CHF region was due to Bergles et al. [3]. The
database for the heat transfer correlation developed
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was boiling nitrogen near atmospheric pressure with
a low reduced pressure of 0.045, two tape-twist ratios
(Y =4.1 and Y = 8.5), low mass fluxes of 30-140 kg
m~?s~', and relatively high wall-superheats of 60—
300°C. These parameters are outside of the range of
many heat exchanger applications of the type men-
tioned. The objective of this study was to develop a
broader-based prediction method for post-CHF heat
transfer with twisted-tape-induced swirl flow. The
approach was to verify the model with experimental
data [4] obtained from high-pressure boiling water
with twisted-tape-induced swirl flow.

MODEL

A thermodynamic nonequilibrium model was
developed for two-phase, vapor and liquid-drops, dis-
persed swirl flow in a vertical tube with twisted-tape
inserts. Heat transfer phenomena were included
between the two phases and between each phase and
the solid boundary where a variable heat flux was
imposed in the axial z direction. This heat flux bound-
ary condition allowed comparison with data [4]. The
principles of conservation of mass, momentum and
energy were applied to the total mixture and to the
drops separately. The hydrodynamic behavior of the
drops was represented by a mean drop size that
initiated at CHF with a diameter based on a critical
Weber number criterion. The axial phase velocities in
the z direction are denoted % and u, for the liquid
drops and the vapor. A second subscript, 8 or s, cor-
responds to the tangential and resultant (streamline)
velocities, respectively.

Conservation of mass
The mass flow rates of the two phases are defined
as
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NOMENCLATURE

a  swirl acceleration fm s~ 7]

A cross-sectional flow area [m’]

Cy, drag coefficient for a single sphere

specific heat [kJ kg™' “C™ ']

d  drop diameter fm]

D flow duct diameter [m]

Dy, hydraulic diameter [m)]

f Fanning friction factor

/i Fanning {riction factor if the total flow were
liquid

F drop-wall heat transfer parameter

! gravitational acceleration [m s 7]

G mass flux [kgm 2s']

h  heat transfer coefficient kW m 2 °C ]

i, latent heat of vaporization [kJ kg ']

J.  generalized parameter

J. o d(Jg)/dz

k  thermal conductivity [kW m~' "C ]

N drop number density [m ™

P pressure [kPa]

P, reduced pressure

Pr  Prandt] number

g heat flux [kW m~7]

R, twisted-tape swirl parameter

Re Reynolds number, based on D,

S velocity slip ratio, u,/u,

T temperature ["'C]

u  velocity [m s™']

W  mass flow rate [kg s ']

Greek symbols

Subscripts

X actual vapor mass quality

X., cquilibrium vapor mass qualily

Y tape-twist ratio, (length of 180 of twisty/ D
= axial length [m].

o void fraction

p coeflicient of volumetric thermal expansion
K]

#  cvaporation force parameter

¢ dynamic viscosity [kgm s ]

p  density (kg m 7 !

o surface tension [N m '] !

¢, liquid volume fraction \

& two-phase [riction multiplier relative to
total flow of liquud.

1 liquid

Is  swirl low of liquid

m two-phase mixture

s swirl {streamline flow direction)
sat saturation

v vapor

w wall

l-v vapor to drop

Fw wall to drop

v—w wall to vapor

{0 tangential flow direction.

W, = pul—e@)A (hH
and
W, = pue A, (2)

where p, and p, are phase (material) densities, and ¢,
is the liquid volume fraction at any axial position z in
the flow duct. Because of the dispersed structure of
the flow, it is convenient to use the liquid volume
fraction explicitly in the model rather than the vapor
volume fraction (void fraction). The mass fluxes of
each phase are defined as the phase mass flow rates
divided by the total duct cross-sectional area 4. For
constant A, the conservation of mass for the mixture
in terms of mass fluxes is

G = G,+G, = constant, (3

where the unsubscripted ¢ represents the total mass
flux of the mixture.

Conservation of momentum

The change in axial momentum of the two-phase
mixture was considered for a differential control vol-
ume of length dz. The forces considered were due to
gravity, pressure and wall shear with the following
result:

d—(G G = dpP %f,iG2 S
d: Hy lul) - G Pm dZ ﬂ;Dh oy )
where the mixture density is

P =PI — )+ 1. (5)

The combination of two-phase friction multiplier @/,
and friction factor f,, in equation (4) is compatible with
constitutive relations {to be discussed subsequently) to
account for the axial friction force between the swirl-
ing two-phase flow and the duct wall.

The conservation of momentum was written along
a streamline for a single, spherical, liquid drop in the
swirling flow. Forces on the drop were included due
to gravity, fluid drag, phase change, wall shear, and
vapor pressure gradient. The swirl flow of interest (o
this study is induced by twisted-tape inserts in the flow
stream. The tape-twist ratio Y is the axial length of
180" of twist divided by the duct diameter. In this
case, the liquid (drop) tangential velocity is related to
the liquid axial velocity by

Uy = u,(%,). (6)

The resultant liquid streamline velocity (swirl velocity)
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u is related to the liquid axial velocity by u,, = R
where the parameter R, is

)

Using these velocities, the liquid momentum equation
may be written as

g _ _py 3CnpvR3( 2 14dp
PG T TR, 4ad T TR &
2R, | Gfy )
- D[ : cD\;—pvu;fvs(l—wl)]
WP 14l

_ £] - ”)Rs(uv - ul) @

o @ ©

The evaporation force in equation (8) is divided
between the liquid and vapor phases by the parameter
n, and the influence of the choice for # is discussed
subsequently. All terms in equation (8) involve the
parameter R, which invokes the swirl velocity for this
streamline momentum equation. The wall friction
term is the second line of equation (8), where the axial
force in square brackets is due to friction between
drops and the duct wall. Consistent with constitutive
relations employed, the first term gives the axial force
for the swirling two-phase mixture, and subtracting
the axial force due to the vapor swirl flow gives the
drop contribution. The friction factor f,, produces an
axial force due to the swirling vapor with mass flux
G.,. The force was projected along a streamline using
the R, parameter. (Note that the two-phase multiplier
chosen for the mixture requires that f; be based on G
and not on G,.)

Conservation of energy

The steady state energy equation for the mixture
was written in terms of the thermal energies of each
phase and the heat supplied at the duct wall, ¢". The
condition of thermodynamic nonequilibrium between
the phases was included. The liquid was assumed to
be saturated while the vapor was superheated. The
general result is

dT,, dP . da,

- (pIGl 7(17713” E + [llv+ va( T,— Tsal)] in
e o 9T (m)
(pv v dZ =4q A . ( )

The second term in equation (9) accounts for vapor
superheat where the liquid temperature 7, is equal to
the saturation temperature T, corresponding to the
local pressure.

The conservation of energy was written for the
liquid drops flowing through a differential control
volume. As the drops pass through the volume, a
pressure reduction results in a change in temperature
of the liquid. The liquid that is evaporated, dW,, is
raised to the superheated vapor temperature 7,. Heat

is added to the drops through the vapor and directly
from the duct wall. The conservation of energy for
this case is

dT., dP . dG,
_cp]Gl dP‘ 21;7 +[1Iv +va(Tv_ Tsal)]E
h_ D 6h
= T (T = Tud+ 22 (T~ T, (10)

The boundary condition at the heated wall is in
terms of the known heat flux ¢"(z). Heat is transferred
from the wall to both the vapor and the drops and is
given as follows:

q” = hv w(l - (pl)( Tw - Tv) + hlr—w(pl(Tw - Tsul)' (] l)

Solution arrangement

The conservation equations were applied to the
two-phase flow downstream from the critical heat flux
under forced convection swirling conditions. The
application of the analysis to the prediction of exper-
imental data involved inputing the parameters of mass
flow rate, local heat flux ¢” in the post-CHF region,
and the conditions at CHF. Since most experiments
do not include a measurement of vapor superheat, the
primary parameter used for comparison with data is
the wall temperature 7, which is obtained by
rearranging equation (11):

T = h\'fwTv(l - §01)+h|7wT|(Pl+q”
v hvfw(l _(pl)+hl wP1

The governing equations are then the continuity equa-
tions, (1)-(3), the momentum equations, (4) and (8),
the energy equations, (9) and (10), and the boundary
condition, equation (12). The unknowns are the mass
fluxes G, and G, the species velocities u, and u, the
drop volume fraction ¢, the fluid pressure P, and the
wall and vapor temperatures 7, and 7,. The four
variables G, , P and T, were determined from the
simultaneous solution of differential equations (4),
(8), (9) and (10). Three of the remaining variables,
Gy, u,, and ¢,, were determined from the solution of
algebraic equations (1)—(3), and T, was found from
equation (12).

Arrangement of the equations for solution required
the differentiation of equations (1) and (2) and
rearrangement to eliminate derivatives of ¢, and w,.
The four variables P, G,, u, and T, were redefined for
convenience as J,, J,, J; and J,, respectively. A prime
superscript used on these variables implies differ-
entiation with respect to the independent variable z.
After these changes, the mixture momentum equation,
(4), becomes

=
1— —5— J
l: P»z(]—<P|) opP T, :

+[ 27 J3 J}J’
p(1—@) pp(l—e)t, |7

(12)
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g3
HG-ayl1= 22 )
[( “)< pvm(l-qol)‘h” :

(e 2067 4
P =) \oT, Jp |7
(13)

|1) lo-
In a similar manner, the drop momentum equation,
(8), becomes

S
3 s R P (N 2T
:_?LQJFM(L_J‘)Z
Rs ad pv(l_(pl)

ST

i
O — = . 4
Dh(Px l: P (1 —(Pl)] (14

Using variables J,—J,, the mixture energy equation,
(9), becomes

—9gPm—

,: pI(G I, ) V“:l‘]/l + [il\« + Cp\ (‘/4 - T‘sul)}‘]/l

Hewrdti=g(%F) a9

and the drop energy equation, (10), is

[pI(G J2) ”‘:IJ/I+[ilv+('p»(‘]4_T~zu)]J/2

on,
Tm)+ l (pl

(J4 sal)- ( 1 6)
Equations (13)-(16) were solved simultaneously for
Ji—J, using a matrix inversion algorithm to determine
values of J{-J as a function of = for input to a fourth-
order Runge—Kutta algorithm.

Constitutive relations

Constitutive relations were adopted from the engin-
eering literature for use with the analysis. The drop
drag coefficient C, was used as employed by Koizumi
et al. [5], which accounts for the effects of drop evap-
oration on the drag force and is given as

Co=— o Co an
NG
llv
with ¢, (and g, in equation (19)) based on (7', — T, )/2
and
Coo = 24/Re, , Re , <2
= 18.5/Re/-* 2 < Re,, < 500
=044 Re, , = 500 (18)

where the Reynolds number is based on the relative
velocity between the drops and the vapor:

(u, —u)d
H '

Re, , = (19

Single-phase swirl flow friction factors f, and /.
developed by Lopina and Bergles [6] were adopted
along with the two-phase friction multiplicr @/
developed by Reedy e af. {7]. Jensen er al. (8] used
this combination of single and two-phase results suc-
cessfully for a stecam generator application with mass
flux G > 475kgm s ' The relations are:

fo S (4Yi4ns)™?
e g gy waee LT T > 11.25
NI 8Y
(20)
o2 = 1+Xeq<p21>c
.
C=1L02X;"5G * p>41MPa

= 0.357(1 + 10PR) X" G 04

21< P<41MPa, (21)

where the mass flux G has units of Ibm h™ ' ft in
equation (21), and f, and £, in equation (20) are single-
phase axial flow friction factors given by the Blasius
equation f = 0.079/Re"™.

The heat transfer coefficient between the heated
wall and the vapor in a swirling flow, 4, ,, was con-
sidered by comparing the correlations of Thorsen and
Landis {9] and Lopina and Bergles [6] with super-
heated vapor data from the high pressure water
experiments [4]. Based on these comparisons, the
result of Lopina and Bergles was adopted, which is:

k.,
b o= B\— 0.023(Re R,) ¥ Pri-*
h

k. Re, R i
Dh() 193 [( y )( )ﬁ(T“—TV)Pr»] . (22)

The heat transfer between the vapor and the liquid
drops, h, ,, was modeled by Rohsenow and co-
workers, who applied the correlation of Yuen and
Chen [10]. This work was modified by Koizumi et al.
[5] considering a significant amount of experimental
data. The final modification of Koizumi was used in
the present analysis as

h, v
ln(l +B)/

k
= ;;(2+0.444 Re, ,+0.0875Rel) Re,, < 0.1

= \(2+0 26 Re®7*%) 0.1 < Re, , < 10

k‘/ 59
= 5(24—0.328 Re’>") Re, , > 10. (23)
The constitutive relations discussed thus far are
relatively well established and apply well to the situ-
ation of present interest. Models for direct heat trans-
fer between the drops and the heated wall, however,
are less established, and the databases available in the

literature are generally based on high wall-superheat.
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This condition inhibits direct drop-wall heat transfer
to the extent that its effect has justifiably been
neglected in many related investigations. For the low
wall-superheat application of interest, the drop-wall
heat transfer was included. Models due to Wachters
et al. [11-13], lloeje et al. [14], Yoder and Rohsenow
[15], Groeneveld [16], and Baumeister et al. [17] were
considered and tested in the analysis. By far the best
results were obtained with a modification to the Bau-
meister model as adopted by Bergles er al. [3] and
given by

P ][ klitapp, ]"‘
v (Tw_T‘sal)ﬂv(ﬂ/6)|"’3

(=X )6/m) |[n
X[W] JF9

where

ilv
7cpv(Tw_ Tsal) 3
204,

it = (25)
I

All properties in equation (24) were evaluated at the
film temperature, and the radial drop acceleration due
to the twisted tape is

_ (wm)*
4= dy”

(26)

The factor F in equation (24) accounts for the radial
force on the drop and was found {1] to be a function
of a/g for data correlation purposes. Further details
of the solution method are given by Chang [18].

MEASUREMENTS

Low wall-superheat heat transfer data in the post-
CHF region with twisted-tape inserts were reduced
from measurements [4] of heat transfer experiments to
the two-phase flow of high pressure water, 16.0+0.1
MPa. The test section was a 13.1 m long vertical tube
with a 10 mm inside diameter. Water flowed upwards
inside of the tube, and heat was supplied by liquid
sodium flowing counter-current in the surrounding
annulus. Water entered the test section subcooled in
all cases. Tests chosen for use in this study exhibited
a clear post-CHF region consisting of five or more
axial measurement points. All of the seven tests selec-
ted had vapor superheat at the test section exit such
that the entire post-CHF region was present in the
test section at steady-state.

The mass fluxes of all of the experiments were in a
high range, above 910 kg m =2 s~ '. On a relative basis,
they can be divided into a low category of 910 kg m
s~', an intermediate level of 1300+ 80 kg m 25~ and
a high category of 1850+30 kg m~2 s~'. The data
selected were comprised of experiments with three
twisted tape inserts: Y = 2.51, 5.02 and 7.53.

Application of model to data

The model presented was applied to the high-pres-
sure post-CHF water swirl flow data with calculations
starting at the measured CHF position. Initial con-
ditions at CHF were the experimental pressure and
equilibrium quality. It was assumed that the drops
and vapor were in thermodynamic equilibrium at
CHF with the initial drop diameter, d, determined
from a critical Weber number of We=p,
X (u,—u))’djo = 7.5. A value of 6.5 was used in high-
speed drop/gas flows [19], and other researchers [15,
20-22] used critical Weber numbers in the range of
6.5 ~ 7.5. The effect on results of this choice is dis-
cussed subsequently. The total mass flux G and the
radial heat flux along the test section in the post-CHF
region were input from the experiments. Finally, an
initial slip, S = u,/u,, at CHF was required to start the
solution. The choice of this parameter is also discussed
subsequently in the Results and Discussion section.
The drop volume fraction ¢, (or the void fraction a)
was then calculated from

1
S

()

1-X/\p,

The mathematical solution to equations (13)—(16)
for unknowns P, G,, 4, and T, was accomplished by
a variable step Runge—Kutta algorithm with global
error specification. The solution progressed down-
stream from CHF with variables G, ¢, u, and T,
calculated from algebraic relations equations (1)-(3)
and equation (12) after each step. The actual quality
was then found from equation (27) and the saturation
temperature T, from the pressure. The drop number
density, N = 6¢,/nd*, was set at CHF by the initial
drop diameter and the equilibrium liquid volume frac-
tion. If at any downstream location the calculated
drop diameter d was such that the critical Weber num-

ber was exceeded, the drop number density N was
doubled, and the drop diameter was recalculated.

x=1-¢ = @7)

1+

RESULTS AND DISCUSSION

Typical results

Reduced data from a typical test are shown as
square symbols in Fig. 1 for an intermediate value of
mass flux and the smallest tape-twist ratio, G = 1222
kg m~? s7' and ¥ = 2.51, respectively. The exper-
imental tube wall temperatures at the boiling water
surface are plotted in the direction of the water flow.
The CHF location (open symbol) is shown to occur
approximately 6 m downstream of the test section
inlet, and the solid symbols represent wall tem-
peratures in the post-CHF region extending for a
length of 1 m downstream and terminating with an
actual quality approaching 1.0.

The prediction of the inner water-tube wall tem-
perature is shown as the solid line in Fig. 1. The
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400
WATER RUN NO. 1261
Ye=2,61
G==1222 kg/mz's
P=15.90 MPa
376 |
()
Lt
c
2
< 350 }
o0
w
28
=
U
‘_.
TEMPERATURE
325 |- —— WALL
....VAPOR
- - < SATURATION
0= WALL EXPT. CHF
= WALL EXPY,
300 - - -
5.0 55 6.0 65 7.0 7.5

AXIAL DISTANCE (m)

Fi1G. 1. Typical data comparison at smallest ¥ = 2.51 and
intermediate G = 1222 kgm s,

predictions are in good agreement with the data in
both magnitude and trend. The results also show that
the saturated liquid drop temperature changed very
little in the post-CHF region due to the small pressure
drop there, and the vapor was superheated by about
10°C at the exit of the region. Although this vapor
superheat is relatively low due to the liquid heating
aspect of the experiments, it is an important phenom-
enon and is inherent in the developed model.

The prediction of the degree of nonequilibrium is
also shown in Fig. 2 as the deviation of the predicted
actual quality from the experimental equilibrium

11
-
1 -
o8 b
P
=
;(’ 08 |-
>
=}
07 f
ACTUAL
EQUILIBRIUM
08 a =EXPT. CHF
» =EXPT.
05 . .
50 55 8.0 8.5 70 75

AXIAL DISTANCE (m)

F16. 2. Qualities at smallest ¥ = 2.51 and intermediate
G=122kgm s "
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8 i \
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S
s 8 F TOTAL
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x
V) ... . WALL-DROP
5
T 4 }---WALL-VAPOR
}_
<
[35]
T

2 -

o

50 55 6.0 65 70 75

AXIAL DISTANCE {m}

F1G. 3. Heat transfer division at smallest ¥ = 2.51 and inter-
mediate G = 1222 kgm~2s" ',

quality. In this experiment, the quality at CHF is
approximately 0.8 (equilibrium = actual), and the
equilibrium quality is about 6% above the actual qual-
ity at the end of the post-CHF region.

Shown in Fig. 3 for the same experiment as Figs. |
and 2 is the wall heat flux division between vapor and
drops. Initially the drop contribution is large, but it
decreases towards zero rapidly due to decreasing drop
size and increasing wall superheat. In all of the experi-
ments [4], the high mass fluxes and low wall-super-
heats combined to produce relatively large drop-wall
contributions to the heat transfer at least initially just
downstream of CHF. This result is in contrast to
drop-wall heat transfer that is generally much smaller
for high wall-superheat conditions.

The contribution to the heat transfer of the wall-
vapor interchange has the opposite trend as the drop
contribution. Shown in Fig. 3 is the increasing con-
tribution of the vapor which will equal the total heat
transfer when the actual quality X = 1.

Fluid mechanics of the experiment of Figs. 1-3 are
shown in Fig. 4. It is seen that the vapor accelerates
in the flow direction in the post-CHF rcgion as the
quality increases, and the drops are accelerated by the
vapor. The slip ratio is seen in Fig. 4 to increase in the
flow direction, but the amount of increase is small.
The discontinuities in slope of the drop velocity and
slip ratio curves of Fig. 4 are due to the numerical
algorithm used that breaks up each drop into two
smaller drops of equal size whenever the critical
Weber number is reached. This procedure was
adopted from the work of Yoder and Rohsenow [15].

Tape-twist ratio effect
The results shown in Figs. 5~7 correspond to Figs.
2-4 having a similar mass flux and a considerably
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FI1G. 4. Phase velocities at smallest ¥ = 2.51 and intermediate
G=122kgm~?s™".

larger tape-twist ratio. The mass flux of the experi-
ment of Figs. 5-7 is G=1380 kg m~* s~', and
Y = 7.53. The smaller swirl effect of the larger tape-
twist ratio of 7.53 reduces the effectiveness of the heat
transfer, and the post-CHF region is seen to extend
for a longer distance (~ 1.5 m) downstream of CHF.
The data trends of the heat flux contributions of Fig.
5 and the qualities of Fig. 6 are similar to those of
Figs. 2 and 3, respectively, although the magnitudes
differ. The drop velocity of Fig. 7 parallels the vapor,
consequently, the slip ratio is nearly constant in the
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F1G. 5. Heat transfer at largest Y = 7.53 and intermediate
G=1380kgm?s".
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F1G. 6. Degree of nonequilibrium at largest ¥ = 7.53 and
intermediate G = 1380 kg m~*s".

whole post-CHF region. The results of a third experi-
ment at the same mass flux and ¥ = 5.02 fell between
the slip ratio results of Figs. 4 and 7, and other para-
metric trends were similar to Figs. 2 and 3, and 5 and 6.

In general it can be said that at this intermediate
mass flux and three different tape-twist ratios, the
thermodynamic nonequilibrium phenomenon is
approximately the same based on the vapor super-
heats. (The wall superheat is higher at larger tape-
twist ratios as expected due to the reduction in heat
transfer coefficient.) The drop-wall heat transfer
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Fic. 7. Near constant slip at largest ¥ = 7.53 and inter-
mediate G = 1380 kgm™2s~".
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FiG. 8. Data comparison at smallest ¥ = 2.51 and largest
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decreases with the smaller swirl effect produced by
larger values of Y. As the quality increases, the heat
flux from the wall to the vapor increases significantly,
but the temperature of the vapor does not. This result
indicates that the vapor-to-drop heat transfer
becomes more important at higher qualities in the
post-CHF region.

Mass flux effect

The effect of mass flux on the results was compared
at Y=2.51 and G = 1222 kg m~~ s~' (Figs. 1-4),
G =1814kgm s ' (Figs. 8§ and 9) and G = 910 kg
m *s ' (Fig. 10). At the highest mass flux, the vapor
superheat is seen in Fig. 8 to decrease from the inter-
mediate mass flux case of Fig. 1. The same twisted-
tape insert was used in both experiments, and the total
local heat fluxes were similar. The reduction in vapor
superheat is attributable to increased effectiveness of
drop-vapor heat transfer. The total heat transfer is
seen to increase somewhat in Fig. 9 compared to Fig.
3, due primarily to increased wall-to-vapor heat trans-
fer.

The lowest mass flux of 910 kgm s~ "at ¥ = 2.51
produced parameter trends similar to the intermediate
and high mass flux results. The low mass flux, like the
larger tape-twist ratio results of Fig. 7, produced small
radial accelerations and a near constant slip ratio in
the post-CHF region. The difference between actual
and equilibrium quality was similar to Fig. 2, but the
quality at CHF was much lower at X' = 0.45. The
increased mass of liquid in the initial post-CHF region
produced good drop-wall heat transfer, while the low
swirl effect reduced the vapor-wall heat transfer as
shown in Fig. 10 as compared to the results of Figs.
3and 9.
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Final parameters

All of the predictions presented in the preceding
discussion incorporated an initial value of the velocity
slip ratio S at CHF, a critical Weber number of 7.5,
a value for the apportionment of the evaporation
force, 1, and a relation for the effect of radial drop
acceleration on drop-wall heat transfer described by
the parameter Fa/g) in equation (24). The F factor
was the final constitutive relation needed to complete
the model. In the general data correlation work [1], it
was found that although both the mass flux and tape-
twist ratio affected the drop-wall heat transfer, their
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FIG. 11. Predictions of all data.

influence was through the common parameter of drop
radial acceleration, a. A form of F that correlated the
data in this general way was F o (a/g)*. Consequently,
in the present study, a relation for F(ajg) used in
equation (24) was developed from the data as

a 0.4
Fafg) = 4.6(5) .

The effects of critical Weber number and the slip at
CHF on the calculated results were tested. No sig-
nificant changes in results were found for a large range
of We including the 6.5 to 7.5 range and for initial
slip at CHF in the range of 1.05 < S < 1.5, Thus,
We = 7.5 and S= 1.1 at CHF were used with the
model in all cases.

The effect of the apportionment of the phase change
force between the drops and the vapor was inves-
tigated through the parameter . Test cases were run
with # at its extreme values of 0 and 1 and at the
mean value of 0.5. Results for pressure and velocities
predictions were almost unchanged, showing that this
force was small compared to the others acting in the
flow. Thereafter, all computations were made with
n = (.5.

Test runs were also performed with regard to
numerical step size. The predictions were always
found to be repeatable within four significant figures.

(28)

Composite data prediction

All of the experimentally determined tube-wall tem-
peratures are compared to predictions of the present
model in Fig. 11 for all mass fluxes and all tape-
twist ratios. The good agreement serves as an overall

verification of the model with the constitutive
relations used.

CONCLUSIONS

A mathematical model of two-phase dispersed swirl
flow was developed. Predictions derived from this
model were verified by comparisons with experimental
data in the post-CHF region of high-pressure water
with swirl induced by twisted-tape inserts. Good
agreement was obtained in magnitude and trend on
an overall and local basis.

The data used for model verification were obtained
from a heat exchanger application with low wall-
superheat, high mass flux and a range of tape-twist
ratios as low as ¥ = 2.51. Predictions from the model
showed these conditions combined to produce sig-
nificant direct heat transfer between the drops in the
flow and the heated tube wall in the region just down-
stream of CHF. This contribution to heat transfer
declined substantially thereafter as the vapor-wall
heat transfer increased ; however, the total effect of
the drops was considerable compared to high wall-
superheat applications (above 100°C).

Thermodynamic nonequilibrium inherent in the
model predicted small vapor superheat of approxi-
mately 10°C in most tests. Experiments with higher
heat fluxes which could have produced larger vapor
superheats showed better vapor-to-drop heat transfer.
The nonequilibrium was also evident from the differ-
ence between the equilibrium and actual quality which
reached approximately 6% as the equilibrium quality
approached unity.

Small radial acceleration of the flow, caused by both
large tape-twist ratio or low mass flux, produced near
constant axial vapor and drop accelerations resulting
in near constant slip ratios in the entire post-CHF
region.
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