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Abstract— An experimental and theoretical analysis of the dispersed flow heat transfer has been performed.

The transient experimental technique included a long tubular preheater section for creating a dispersed
flow and a short tubular transient test section for collecting the heat-transfer data (heat flux vs wall

Tmim

superheat data). Liquid nitrogen was used as a test fluid. The mass velocities varied from 80 to 300kg/s m*.

The theoretical study included: the analysis of the structure of a dispersed flow (the analysis of a drop
size and drop size distribution); the analysis of the deposition motion of liquid drops (the migration of
drops toward the wall); the analysis of the possible successive states of drop-wall interaction, and heat
transfer to a drop deposited on the heated wall.

Based on the above analyses the expression for the heat flux from the wall to dispersed flow has been
developed and it has given good agreement with the experimental data.

NOMENCLATURE

drop diameter [um];

mean drop diameter [pm];

deposition diameter [um];

surface; heat-transfer area of the transient
test piece, equation (2) [m*};

correction factor, equations (6) and (26);
specific heat [J/kgK];

tube diameter [m];

cumulative (deposition) factor;

friction factor (f, = 0.0791/Re%%%);
gravitational acceleration [m/s*};
heat-transfer coefficient [10], equation (10}
[W/m?K];

latent heat of evaporation [J/kg];
thermal conductivity [W/mK7;

gray body factor, equation (23);

mass of drop [kg];

mass flux of liquid drops [kg/m? h];

drop deposition flux [No. drops/m? h];
drop size distribution faction {m™'7;
Prandtl number, P, = C,u/k;

heat flux [W/m?];

heat transferred to single drop [J7;

flow Reynolds number, Re = GxD/p;
slip ratio, § = V,/¥;

time [ms], [s], [min] or [h];
temperature [K];

minimum film boiling temperature [K];
initial drop velocity in the flow direction,
equation {12) [m/h];

vapor velocity (Uy = V) [m/h];

local vapor velocity [m/h];

friction velocity [U* = Uq(£,/2)**] [m/h];
drop deposition velocity (v = xU*) [m/h];
volume of the transient test piece,
equation {2) [m*];

vapor velocity [m/h];

liquid velocity [m/h];
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We, Weber number, equation (3);
X, axial distance, equations (9) and (10) [m];
X, vapor quality;
¥, radial distance [m] or [um].

Greek symbols
o, void fraction;
d, boundary-layer thickness [m] or [um];
s weight density, equations (5) and (6) in

[kg/m®];

& effectiveness of evaporation, equation (16);
K, constant, equation (13);
p,  viscosity [N/sm?]:
p,  density [kg/m*];
o,  Stefan-Boltzmann constant [W/m? K*];
o, surface tension [N/m].

Subscripts
c, contact;
d, drop;
g, vapor (gas);
L, liquid;
min, minimum;
m, maximum;
mp,  most probable;
r, radiation;
sat,  saturation;
v, vapor;
W, wall (surface);

wi,  wall-liguid;
wo,  wall-vapor.

1. INTRODUCTION

DisPERSED flow heat tranmsfer (post dryout heat
transfer) has come to be important in recent years due
to advancements in various technologies, such as in
cryogenics, materials, rocketry, steam generators, and
especially in design and safety analysis of nuclear
reactors.
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Large discrepancies exist among predictions of heat-
transfer coefficients 1 the post dryout region between
the correlations and experimental data [1]. Almost all
of these correlations are modifications of the well-
known Dittus—Boelter type relationship [2] for single-
phase flow where various definitions of the “two-phase
velocity” and physical properties are used. These cor-
relations are listed in Table 1 of reference [3]. They
generally predict a heat-transfer coefficient based on
the temperature difference between wall and saturation.
As mentioned by Groeneveld [3] they are simple to
usc but have a limited range of validity and should
not be extrapolated outside the recommended range.

Several M.LT. reports [4-7] deal with a theoretical
model for the prediction of the post dryout wall tem-
perature. It was assurned that heat transfer takes place
in steps: (a) from the heated wall to the vapor and
then from the vapor to the drops: (b} from the heated
wall to liquid drops. A similar model was independently
developed by Bennett [8]. In these models all par-
ameters (drop size, vapor velocity, liquid velocity, void
traction, slip, etc.) are initially evaluated at the dryout
location. The heated channel is subdivided axially. The
axial gradients in drop diameter, vapor quality, vapor
velocity, and liquid velocity are calculated at each
node. The vapor superheat is evaluated from a heat
balance at each node. The conditions at the down-
stream nodes are found by step by step integration
along the heated channel, The wall temperature is then
calculated at each node using superheated vapor heat-
transfer correlations [3].

The post dryout heat transter includes the transition
and the film boiling mechanisms of heat transfer. The
transition region is related to the lower wall superheat
where the heated surface is wetted intermittently by
liquid drops and nucleate and film boiling exist side-
by-side. In the high wall superheat region, stable film
boiling exists and the heated surface is almost dry as
discussed later in the text.

In the post dryout heat-transfer the heated surface
is cooled by convection to the vapor component of
the flow, by evaporation of the liquid drops deposited
on the heated wall and by radiation between the wall
and dispersed flow. The work by loeje er al. [9} and
Plumer et al. [7] approached the analysis of the heat-
transfer in post dryout region from the phenomen-
ological point of view. They extended work by Forslund
[5] and Hynek [6] and obtained the experimental data
in the film boiling region. Their results stimulated this
present study.

The objectives of this work include the experimental
and theoretical study of the dispersed flow heat transfer.
The experimental work includes application of the
transient experimental technique. Obtained experi-
mental data are presented in the boiling curve form
(ie. heat flux vs wall superheat for a constant mass
flux and vapor quality) covering both the transition
and the film boiling region. The theoretical work
includes:

{1) Analysis of the structure of the fully-developed

dispersed flow. Utilization of the relations for
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calculation of the maximum drop size, mean drop
size and drop size distribution.

{2) Application of the drop deposition model
devcloped by the authors [10, 11] for predicting
the drop deposition flux ({the amount of liguid
phase in form of drops deposited on the heated
wall per unit surface and unit time).

(3} Characterization of the possible successive states
of the drop-wall interaction and selection of an
empirical relation for the heat transfer to single
drop on the heated wall.

(4) Derivation of the relation for the heat flux to
dispersed flow which covers both the transition
boiling region and the film boiling region, apply-
ing results from (1), (2) and (3).

2. EXPERIMENTAL PROGRAM

2.1, Apparatus

The loop diagram for the experimental apparatus is
given in Fig. 1. It is a once through system employing
liquid nitrogen as the test fluid, It was constructed to
allow for both a steady-state and transient test runs,
but the results analyzed here were obtained in the
transient section.

The steady-state test section, a uniformly electrically
heated 2.44 m long Inconel 600 tube 12.7mm O.D. by
10.16mm 1.D., operates as a preheater for the transient
test section. In this manner a two-phase flow mixture
with a particular vapor quality and mass flux can be
supplied to the transient section. The trapsient iest
section, Fig. 2, consists of 254 mm long tube 10.16 mm
I.D. by 254mm O.D. supported and encased to be
independently heated with steam supplied at a tem-
perature of 373-400 K. The transient test piece is in-
sulated from the supporting structure by micarta
insulators (thermal conductivity of 0.396W/mK)
Three thermocouple holes 1.07mm in diameter were
drilted radially into the test piece to a depth of 0.8 mm
from the inside radius [7]. The holes were spaced at
three axial positions along the iest piece with each
hole circumferentially spaced 120" apart. The thermo-
couples were coated with a conductivity gel and their
leads were excited from the steam jacket through
conex glands, to the recording devices. Further dis-
cussion of the apparatus and the instrumentation for
monitoring of the test loop operations and data acqui-
sitions from the transient test section can be found i
[7] and [9]. In all cases copper—constantan thermo-
couples were utilized as the temperature sensing device.

2.2. Experimental method

The following sequence of operations was carried
out for obtaining dispersed flow heat-transfer data. The
steam supply to the transient section was turned on
which allowed the test piece to reach an initial tem-
perature of 373-400K. Liquid nitrogen at 689
10° N/m? was allowed to flow through two heat ex-
changers that cool it down sufficiently that it remains
liquid as it passes through the flow control vaive, The
subcooling was achieved by bleeding part of the main
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flow into a vacuum line, which forms the outer part of
the two concentric-tube heat exchangers. The nitrogen
subcooled 2-3K was initiated into the preheater at
about 140 x 10° N/m?. When the preheater thermo-
couples registered a temperature near the saturation
temperature of the liquid, power was applied to the
preheater. The flow rate and power were adjusted to
give the desired value of mass flux and exit quality to
the transient section for the particular run. When the

steadv state was achieved in the nreheater the trangient
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was initiated by closing off the steam flow to the
transient section. The temperature transient was re-
corded following the data flow diagram in Fig. 7 [7].
Because of the nature of the test, all regimes of boiling

PmePr‘ on fhp test r\ipr\p ("!1"11’1" rhp trancient
P g JallSICH

A run
was terminated when nucleate boiling was re-estab-
lished. Since the test piece was short, it was possible
to assume that the quality variation with distance and
time was negligible.

The nitrogen, before passing through the flowmeters
(Fig. 1), goes through one or two concentric-tube heat
exchangers which serve to heat up the nitrogen to
roughly room temperature. The steam or water that
flows through the outer part of these heat exchangers
also flows through another heat exchanger that heats

up the vacuum line so that the vacuum pump does
not freeze up.

2.3. Data deduction

The three thermocouple outputs, at the three axial
positions, in the transient test piece, gave essentially
the same temperature—time history

T = T(). (1)

Figure 3 shows a typical temperature-time history
curve with all regimes of boiling existing.

Considering the transient test piece as a lumped
heat source (no internal temperature gradients), the
heat flux to the fluid during quenching is given as

V dr
A=—pCp—. 2)
q/ y pPlp dr
! ] | 1 1 |
A Fluid: nitrogen
Test section material:
3501— copper
G= 237kg/s m? B
x= 0.25
B Minimum fitm boiling
¥ 300}~ A-B Film boiling
- B-C Transition bolling
14 C-D Nuclegte boiling and j
g then forced convection
E 2501
" 200}
_
1 50—
100 p
1 | | I S| 1 |
-l O ] 2 3 4 5 6 7
Time, min

F1G. 3. Temperature—time history.
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The Biot number was calculated to be 0.01, 0.018 and
0.24 for the copper, aluminum and inconel test, respec-
tively [9, 7] and therefore the assumption of the lumped
heat source is justified. The characteristic dimension L
on which Biot number was based, was obtained by
dividing the volume of the test piece by its heat-transfer
area.

The data for the heat flux to the two-phase mixture,
for the particular quality and mass flux, where obtained

by introducine the temnperature-time data (eauation 1
QY HRIOGUGNE aC WINPpOTature—ime Gadia (SQudiion 1}

into equation (2).

Figures 8~17 show the heat flux data obtained by
the authors. Appendix II-1 of [10] gives the estimate
of the heat losses from the transient test section.

3. THEORETICAL WORK

3.1. Structure of dispersed flow

The distribution of mass of liquid phase in a dispersed
flow is important to the heat-transfer and pressure-drop
characteristics of the flow. Small liquid drops dispersed
in a gas stream (dispersed flow) usually attain spherical
shape due to surface tension. They are uniformly
(statistically) mixed independently of their dimensions
and the local gas velocity [12}.

31.1. Maximum drop diamete
L Miaximum drop diameter.

dimensionless group for determining the stabllxtv of a
single drop and its maximum size is the Weber number
based on the relative velocity and the gas (vapor)
density [13],
(V- )‘ X
We = p,- u. {3
[
Critical Weber numbers have been measured experi-
mentally. Isshiki [ 14] found that We, = 6.5 agreed with
his measured water drop diameters which were break-
ing up in in accelerating stream. This value agrees
approximately with Forsulund's [5] value. He found
We, = 1.5 for liquid nitrogen drop in its vapor and this
value was used in our analysis, so
7. 5(; @
V=
3.1.2. Mean drop diameter. A wide spectrum of drop
diameters is present in dispersed flow. The mean drop
diameter can be approximately predicted using simpli-
fied Nukiyama-Tanazawa equation,
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This equation is not dimensionless. The units of the
quantities are @, m; ¥, and ¥, m/s: o, kg/m; 7, kg/m’.
Equation (5) has been widely used for predicting the
mean drop diameter for atomization with air [13].

For a low mass flux and vapor quality, a calculated
from equation (5) was larger than experimentally ob-
served average drop diameter in dispersed flow with
heat addition [10] where the drop size is influenced
not only by aerodynamics and surface forces, but also
by evaporation at the drop interface and gravity forces
due to relatively low vapor velocity. On the other hand,
equation (5) indicates the correct functional relation
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between @ and ¥, in dispersed flow (Fig. 3.3 of [10]). It
is important to mention that Nukiyama-Tanazawa
results [16] show that the mean drop diameter &
[equation (5)] is not affected by the liquid velocity %
when the relative velocity (V,— V) was kept constant.
Therefore, equation {5) has been applied for predicting
the mean drop size in dispersed flow produced by
evaporating a liquid in heated tube. Since the vapor
velocity ¥, in our experiment was considerably less
than in Nukiyama-Tanazawa experiment, the correc-
tion factor C has been introduced in equation (5),

1.83C ¢
= 2. 6
“ (VQ—M)\/(w) ©

The values for C, as it will be explained later in the
text, are deduced from the experimental data shown
in Figs. 8-17.

3.1.3. Most probable drop diameter. Experimentally
it has been found that a great deal of data satisfied
relation [13]

mp = /2. )

i.e. the average drop diameter is twice as large as the
most probable drop diameter. In [17] an empirical
relation for a,, has been reported for Freon 12, for
specific experimental conditions.

3.1.4. Drop size distribution. A large number of drop
size distributions have been devised by experiments in
order to correlate data. Many authors [13, 18] have
used the normal and log-normal distributions which
are also in common use for describing crushed particles.
In our study the following drop size distribution has
been utilized

Pla) = 420 ®)

where @ is the average drop diameter given by equation
(6). This type of distribution has been widely used for
analyzing and solving mass-transfer and evaporation
problems of various dispersed flow systems [19, 20, 21].

The numerical examination of equations (4), (6) and
{8) show that drops are smaller for larger (¥, — V}) which
results from higher mass fluxes and vapor qualities.
The above equations (4}, (6) and (8) are sufficient to
characterize the constitution of a dispersed flow, at least
for the experimental conditions considered.

3.2. Deposition of liquid drops in dispersed flow

The most important phenomenon in the dispersed
flow is the deposition motion of drops. By deposition
motion, we mean the migration of drops toward the
wall. A theoretical analysis of drop deposition from
the gas stream on the hot wall has been reported in our
previous work [11, 10]. It has been shown [11, 10] that
the explanation of the deposition phenomena in the
dispersed flow is associated with the theory of the single
drop motion inside the boundary layer. Equations of
motion of a drop moving in the boundary layers when
the main flow in the channel is directed vertically
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upward are
n 3d2 n o, dU(dyy §<§-U)
P ar "16% Pray dt) 92\ ds
n
—(pz—pg)yga3, ©
mpdy_moa dUMdx N o a(dy
P a T T Prgy e V)T dt)

na*h?

28(yy
+ 4y, T T (1 ;) 10

Equation {9) was obtained from the equilibrium of
forces acting on the drop in the direction of flow
{x-direction). Forces acting upwards in the x-direction
are takeh as positive. Equation (10} was obtained from
the equilibrium of forces acting on the drop in the
y-direction, y being taken as zero at the wall, increasing
positively toward the center line of the channel {tube).
The first terms on the RHS of equations {9) and (10)
represent the lift forces [ 11, 10] of the stream flow acting
on the periphery of the drop with variation in velocity
around the drop, i.e. in the gradient of the stream flow.
The second term on the RHS of equations (9) and (10)
represent the drag force on the drop. The third term
on the RHS of equation (9) represents the gravity and
buoyancy forces. The third term on the RHS of equa-
tion (10) represents the reaction force on the drop. The
reaction force is due to non-uniform drop evaporation
inside the boundary layer. Because of the high tem-
perature gradient in the fluid stream close to the hot
wall, the velocity of the vapor generated on the drop
side facing the wall is higher than the velocity of the
vapor generated on the other side. This fact is used
in deriving the expression for this force 11, 10]. The
tendency of this force is to push the drop away from
the wall.

The analytical solution of equations (9) and (10) was
obtained [10] assuming the linear velocity profile of
the gas stream across the boundary layer:

y
U= U=
Uo( ;) (1
and applying the following initial conditions:
dx UQ
I—O,X—O,“é‘t'—?—uoa {12)
d
tzo,y=a,a§=xu*=uo. (13)

Equation {12) assumes that a drop velocity in the flow
direction, at y =& is approximately independent of
drop diameter as experimentally shown in [12]. The
velocity of drop crossing the boundary layer [equation
(13)] is imparted to the drop by free stream turbulence.
The value of ¥ = 0.15 [equation (13)] was obtained
from the summarized study of deposition of solid
particles and liquid drops in two phase mixture by
Liu and Ilori [22]. Their summarized results indicated
that « is independent of the particle diameter, in the
range from several microns to several hundred microns,
for the dispersed flow under consideration [10, 9].
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The effects of the wall temperature, drop size, and
the initial drop velocities in the parallel and perpen-
dicular directions of flow, on the drop trajectories, are
demonstrated on Figs. 4(a—-d), respectively.

e T T 1 I
3 300 18 — -
— o a = 20um
2 25 Tw= 139 K ~ - 20 —
: vo= 83m/h wm
£ 200 Uo=15039m/h —} |- Tw= 250 K —]
E vo = 83m/h
2 150 - U, = 15038m/h _|
- S-11 u, = 0.885U
g 100 4 = N
2
o a =50um
e 39 @ I (b} ]
> L L i 1
0
£
g ] T
z . =83m/h
e} |
2 a = 20um
= = Ty= 278K ~
£ Uy= 15039m/h
= - u,=0885 U
53
s - v, =li3m/h
3 L i
= | @
0 020 30 40
Time, ms Time, ms
F1G. 4. (a) The effect of slip ratio on the drop trajectory [11].
(b) The effect of drop diameter on the drop trajectory [11].
(¢) The effect of wall temperature on the drop trajectory [11].

(d) The effect of drop deposition velocity on the drop tra-
jectory [11].

Prediction of drop trajectories for ao <u < dy
(where ay and a, are minimum and maximum drop
diameters respectively, in dispersed flow under con-
sideration) was done by increasing initial drop diameter
ay step by step and solving the equations (9) and (10}
for each value of a, for one particular value of the
wall temperature. The summarized results of calcu-
lation for G = 291kg/sm? and x = 0.49 are presented
on Fig. 5. For example, if the wall temperature was
equal to the saturation temperature (no heat addition)
then drops with a diameter a < 0.81 4 were returned
to the main stream (Fig. 5). The diameter « = 0.81a
for this case is so called the deposition diameter «,.

T T T T 0.8
1.3 b FLUID: N)TROGEN
G = 291 kg/smé 0.7
X = 0.49

o
w
CUMULATIVE (DEPOSITION) FACTOR

1 | | |
0 100 200 300 400 500

WALL TEMPERATURE °K

FIG. 5. Theeffect of wall temperature on the drop deposition
diameter and cumulative (deposition) factor.

For the same conditions and the wall temperature ot
300K, ¢, = 1.1 4 etc. (Fig. 5). The curve in Fig. 5, de-
position diameter vs wall temperature, was obtained
for the step increase in drop diameter of Aa = | pm,
for one particular value of the wall temperature. The
step increase in wall temperature was A7, = 10K. The
effect of the wall temperature on the drop deposition
is once again demonstrated in Fig. 5.

For the known value of the deposition diameier ¢,
and drop size distribution low, equation (8), we define
the cumulative (deposition) factor f{u,) as

' d"Playda
e tidh
a"Pla)du

Forn = 3,2, 1,f(a,) represents mass, surface and length
cumulative factor, respectively. From equation (14) one
can see that 0 < f(a.) < 1. If the wall temperature in-
creases d, increases and f(a,), defined by equation (14),
decreases (Fig. 5) since the number of drops deposited
on the wall decreases. For any value of «. flu) is
calculated using equation (8) for P(a). The value of
f(a,) (fin the rest of the text) is used in calculating
drop deposition flux as explained later in the text.

In the turbulent core, velocity fluctuations of the
main fluid (gas) can not be neglected and the application
of equations (9) and (10) s questionable in that region.
On the other hand, the drop deposition occurred along
trajectories mainly developed in the boundary layer,
where equations (9) and (10) are applicable.

3.3. Heat transfer in dispersed flow

3.3.1. Heat transfer to liquid drops. In dispersed flow
liquid drops penetrating the boundary layer collides
with the heated wall and cools it by their evaporation.
The variables which characterize the drop-wall
collision and drop evaporation are numerous [ 10].

A shape of the liquid drop in contact with solid wall
varies with its dimensions. When drop is very small it
will keep a spherical shape because of the surface ten-
sion effect. In the case of large drop (diameter of the
order of several thousands microns or more) it will
form disc-shaped liquid film. When a liqud drop
touches the wall a contact boundary temperature
is immediately established which depends on the initial
liquid and wall temperature and on nature of the
liquid and wall [9]. Approximately [23].

~T kpcplwyt”
L-T (,(.fi‘fz,’r,) , (s

777777 - \ (kl’(‘p)l .

T.-T.

In spite of the above information, very little is known
exactly about thermal behavior of liquid drop deposited
on the wall, over a wide range of the wall temperature
and the drop impact velocity. In [25], where the
experimental study of the dispersed flow drop behavior
has been performed using high speed photography. it
has been concluded that: (a) As the wall temperature
increases, the pictures show fewer and fewer drops
touching the wall. The deposition model [equations (9)
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and (10) of this study] predicts this phenomenon. (b}
Drop-wall contact time decreases as wall temperature
increases.

Several other investigators, Parker and Grosh [24],
Como et al. [26], McGinnis and Holman [27],
Forslund and Rohsenow [5], Hynek e al. [6],
Watchers and Easterling [28], Corman [29], Gaugher
{30}, Pedersen [31], Toda [32] and Tloeje et al. [9]
have studied wall-drop interaction. The successive
states of drop-wall interaction are shown in Fig. 6. This
figure was made after analyzing available experimental
results related to the deposition of the drop and its
evaporation on the heated wall [25, 26, 33, 9, 32].

BLiquid
{3 vapor
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Not all possible states of the drop-wall interaction
are covered in Fig. 6. Only the most frequently observed
states are shown.

Peterson’s [31] study of heat transfer to water drops
impinging upon a heated surface included variation of
the surface temperature from the saturation tempera-
ture to 1250K. These results, effectiveness of evap-
oration g, are shown in Fig. 7, together with results
of other investigators. The effectiveness of evaporation
¢is defined as [31]

_ Q
£ m[H!g+ Cp{(Tsa( - ’1;)] ) (16)

\
‘ Y
)7”7 or
Small drops Large drops
{a) {b),

o ob.
vy ,,

(d)

Fi16. 6. Successive states of liquid drop-wall interaction.

At the high wall temperature and high impact
velocity, tiny drops rebound on the hot wall with little
cooling action [25], Fig. 6(a). For the same condition
the large drop behavior as shown in Fig. 6(b) where
a part of drop is ejected into the main stream by
escaping vapor bubbles [26, 33, 9]. In the high tem-
perature region and low impact velocity (v < 1.8 m/s)
the liquid film formed from the deposited drop is found
found to be in a film boiling-like state [Fig. 6(c)] in
which a vapor layer is formed between the liquid film
and the heated surface [32, 33]. The evaporation of the
liquid film on the liquid—vapor layer interface is induced
by convective heat transfer through the vapor layer and
radiation heat-transfer from the heated wall. The low
wall temperature (7, < Tp,;,) and low impact velocity
case is shown in Fig. 6(d) where the liquid film evap-
orates from the liquid-vapor interface [32]. At the
initial stage of formation of a liquid film on a heated
wall, heat is transferred by conduction from the heated
wall to the liquid film. When the superheated thermal
layer in the liquid film is fully developed evaporation
of the liquid film at the liquid-vapor interface takes
place. The case 6d has been also rarely reported [32]
for the high wall temperature and high impact velocity
and due to the very small thickness of the liquid layer
(this liquid-layer thickness was studied in {32, 9]) and
the very high temperature gradient nucleation is
prevented.,

In spite of differences [31, 30, 29, 28] in the experi-
mental condition of data in Fig. 7, this figure clearly
demonstrates the general effect of the wall (surface)
temperature on the evaporation of the deposited drops.

100 T T T | T T T
++ +Pedersen (Fig. 5-2), [311
¢ 80F~ © Gaugter (Run No. 29), [30] -
° 00 + O Corman (002 kg/snf),[29)
fel & © 4 Corman(00! kg/smf),[29]
g © = Wachters and Westerling (2877
@
42- 40 < ° o] n
2 ® 6o ©
£ o
v 20 + Lk S + + -
0 I I e, o 4 e | la
400 500 600 700 800

Surface temperature, K
F16. 7. Effectiveness vs surface temperature.

As can be seen from this figure, the wall cooling due
to the direct removal of heat as latent vaporization
heat of deposited drops is much less significant at the
higher wall temperature.

The wall-drop heat-transfer under stationary vapor-
conditions and under flowing vapor conditions (a drop
deposited from the vapor stream) are, to a certain
extent, different processes. The presence of a vapor and
drop velocity parallel to the wall, for example, as in
Fig. 6(c), will reduce the vapor layer thickness between
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the drop and wall thus increasing the heat transfer
through this layer. On the other hand, the presence of
the flowing vapor affects the drop deposition much
more than it affects the behavior of the already de-
posited drop on the wall [10].

The list of variables that have a certain influence on
the wall-drop heat transfer includes: wall temperature,
nature of the fluid, drop impact velocity, nature of the
heating wall and coupling of fluid and wall, drop tem-
perature, and surface state of heating wall (micro-
roughness, oxidation, etc.).

The “behavior” and the further existence of the liquid
film formed from the deposited drop is mostly pre-
scribed by the wall temperature (Figs. 6 and 7). The
wall temperature is the most important variable associ-
ated with this problem.

The data for water obtained by Pedersen [31] also
show that drop impact velocity affects drop heat-
transfer in the very high temperature region. In this
region drop deposition flux, as later defined, is low;
hence, the effect of deposition velocity on the drop-wall
heat transfer is small.

Oxide films and crud [9] can reduce the effective
liquid drop-surface contact angle and liquid contacting
the surface will spread over a wider area, increasing
the heat transfer directly to liquid in spite of a high
surface thermal resistance layer created by the oxide.

The wall micro-roughness increases the heat transfer
to liquid drop. When a liquid drop hits the wall it is
possible that it will be dragged along the wall due to
its velocity in the flow direction [10]. Therefore, the
liquid wets the wall penetrating into the microscopic
surface depressions and heats up rapidly, resulting in
very fast evaporation [9, 25].

The effect of the drop temperature (drop subcooling}
on the drop heat transfer is mentioned in [31]. The
drop subcooling increases the heat transfer since it
lowers the contact boundary temperature (liquid drop-
wall contact boundary temperature) as shown by
equation (15).

Decreasing the contact angle (the contact angle
between the wall and the liquid drop is measured
through the liquid) increases the wettability of the
surface, which in turn increases the heat transfer to
drop. As shown in Fig. 6, the contact angle is important
for the case (d) (low wall temperature, T,, < T,,;,) and
less important for cases (a), (b) and (c) (high wall
temperature) where there is not full contact of the
liquid with wall.

The available correlation for Q (heat transferred to
deposited single drop evaporating on the wall) [27, 9,
327 are based on the particular values or narrow range
of the wall temperature and were not applicable in our
study where the wall superheat has been varied largely.

The wall temperature has predominant effect on Q
as mentioned. The available experimental data for Q,
plotted in Fig. 7, is scattered and appears to have an
approximate exponential decay in ¢ with increase of
the wall temperature [31, 25, 26, 30, 29, 28]. Therefore,
we assume the following simple expression for ¢.

(T Ty
e = el ~(T/Ta)

80

Q:gu“p,H,gc"”“ Tt {17
The above expression for ¢ with m = 2 passes through
the middle of the scattered data of Fig. 7. This m =2
was used in the analysis.

The mass flux of liquid drops migrating toward the
wall, entering the boundary layer, is by definition

M = vo(l —)p {(18)

The mass flux of liquid drops at the wall [9] is then

M, = voll —p, f (o

where [ is the mass fraction (cumulative factor) of the
drops entering the boundary layer which reach the wall,
equation (14).

The drop deposition flux (the number of the drops
of equivalent diameter d, deposited per unit area of the
wall unit time) is

M, _brotl - f
R S
i T
6 ma’ ‘
where here ¢ = average drop diameter for a. < a < a,,.
defined by the following relation

N = {20)

13

J a*Pla)da L
a

‘4 ‘ Pla)yda /
and P(q) is given by equation (8).

Applying equation (17) which is based now on «
defined by the last equation and using m = 2, the heat
transfer from the wall to liquid drops is

(g/4)a = N+ Q = vo(l—ap, Hy, f '~ 21

The equivalent procedure to the above, in deriving
(g/A)q, is presented in Appendix V-1 of [10].

3.3.2. Hear transfer to vapor. Heat transfer from the
wall in the bulk vapor component of the dispersed flow
is given by the McAdams equation, using a vapor flow
Reynolds number,

k
{4/A), = 0.023 Eg Re®SPrOHMT, —T,0.  (22)

Fluid properties are calculated at bulk vapor tem-
perature. It was assumed in the above equation that
the surface void fraction « (percentage of the wall area
available for the heat transfer to vapor flow) was equal
to unity. The validity of this assumption is presented
in Appendix V-2 of [ 10].

3.3.3. Radiation heat-transfer. In dispersed flow the
heated wall is also cooled by radiation. It is given as
the sum of the radiation heat transfer from the surface
to the liquid drops and to the vapor,

(q/A)r = le U(Tn‘} - T::l) + wa: U(Tu‘} - 7;31) (23)

assuming that the liquid drops and vapor are at the
saturation temperature. The evaluation of F,,; and F..
was presented in [34] where dispersed system was
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assumed gray and diffuse, the absorption and emission
of the mixture was incorporated into the network
analysis by treating the system as an enclosure filled
by a radiating gas and a cloud of liquid drops.

3.34. Total heat-flux. The total heat-flux from the
wall to the dispersed flow is given by the sum of
equations (21)-(23),

For nitrogen dispersed flow (g/A), was negligible [10]
and
q/A = vo(1 —a)p; Hy, f el = T/Tu)’]

k
+0023 7 Re®*PrOY(T,~Ty,). (29)

The comparison of equation (25) with the experimental
data obtained in this study, for a relatively wide range
of mass fluxes and vapor qualities are presented in
Figs. 8-17.
4. DISCUSSION

The values of C in equation (6) selected for pre-
diction of the experimental data in Figs. 817, satisfy
a developed empirical relation:

C = 04/[(V,— V1)Dpy/us)"* (26)

It was discussed in more detail in Appendix V-6 of [ 37).

In order to find q/4 from equation (25), the pro-
cedure of calculation is as follows. For given G and x,
the value of the slip ratio S, in our study, is calculated
using modified Plummer’s method as explained in
Appendix V-6 of [ 37]. The predictions in Figs. 8—17 are
sensitive on the value of S, especially in the vicinity
of and below the minimum film boiling temperature
where the heat transfer to liquid drop is high.
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Other correlations for a slip ratio are presented in
[35,36]. The void fraction is then

X
o =

x+225(1-x)
P
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and velocities
Gx B Gl —x)

(1)

Drop deposition velocity:

s
by = 0.15U% = 0.15 % (é)
P 2,
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where the friction factor f, i1s based on the vapor
Reynolds number. The mass cumulative (deposition}
factor f, after integration of equation (14), with m = 3
is given as

A

() % fonf 2|

e V2 e 2% I {

o/ 14

s

exp

+ 15 (m/2)

X %% Vf’{ﬂ/Z}erf(\,fQ aj,,, }

a
' ’am )3 + 3 /am
<‘ a v’ Z(E) exp

In calculating f, a,, is calculated from equation {4),
@ from equation (6) where values for C are obtained
from equation (26). Deposition diameter «, is obtained
from the solution of equations (9) and (10} for specified
values of T, as explained in Section 3.2.

A significant degree of thermal non-equilibrium can
exist in a dispersed flow, ie. a vapor can be super-
heated. The vapor superheat can be evaluated using
Plummer’s or Gwoeneveld’s [3] models for vapor
superheat, obtained from the experimental data. In the
experimental data reported in this study (Figs. 817},
no thermal, non-equilibrium was present as the pre-
heater section was very long and preheater heat flux
was low [10].

The transient test section surface for the data in
Figs. 8-17 was smooth and free of oxide. Reader is
referred to [7] and [9] for the specific experimental
evidence about the effects of the oxide and wall rough-
ness on post dryout heat-transfer.

=1

L

5. CONCLUSIONS

Based on the analysis of the structure of dispersed
flow, drop deposition, drop-wall heat-transfer, includ-
ing also convection to the vapor component of the flow
and radiation heat transfer, the relation [ equation {24)]
for the heat transfer to the dispersed flow was
developed. Since {g/A), was very small for the nitrogen
dispersed flow, equation (25) was used.

Figures 8~17 show that the equation (25} is capable
of predicting the experimental data.

The equation {25) represents a well-known boiling
curve for specified values of mass flux, vapor gquality,
and system pressure. It covers a low and high wall
superheat dispersed flow heat-transfer, ie. flow tran-
sition boiling and flow film boiling, respectively. The
minimum value of g/4 [equation (25)] corresponds to
the minimum film boiling temperature {the rewet wall
superheat).

The effect of the mass flux and vapor quality on ¢, 4.
given by equation (25), is as follows:

{a) When the mass flux increases {constant vapor

quality assumed) g/ A increases and T, increases.
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(b) When the vapor quality increases (constant mass
flux assumed), {g/A); decreases, {g/A4), increases,
and T, decreases. This affects g/4 in such a
way that g/A increases in the high temperature
region (film boiling region) and decreases in the
low temperature region {transition boiling
region.
These conclusions are experimentally supported, Figs.
8-17.

The effect of the quality on g/4 is rather poorly
demonstrated at low mass fluxes but is well demon-
strated at higher values of mass flux (cf. Figs. 13 and 16).

The additional studies on the average drop size in
dispersed flow and mechanism of the heat transfer to
a single drop deposited on the wall, are currently under
way in our laboratory.
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TRANSFERT THERMIQUE DES ECOULEMENTS DISPERSES

Résumé—On conduit I'étude théorique et expérimentale du transfert thermique d’un écoulement disperse.
Le montage expérimental comprend une longue partie tubulaire de préchauffage pour obtenir un
écoulement dispersé et une courte section tubulaire de mesure du transfert thermique (flux pariétal en
fonction de la surchauffe de paroi}. On utilise I'azote liquide comme fluide d’essai. Les vitesses massiques
varient de 80-300kg/s m?.

L’étude théorique inclut: 'analyse de la structure de écoulement dispersé (distribution de la taille des
gouttes); I'analyse du dépot des gouttes (migration des gouttes vers la paroi); I'analyse des états successifs
possibles de I'intéraction goutte-paroi et du transfert thermique a une goutte déposée sur la paroi chaude.

On a obtenu 2 partir des analyses précédentes 'expression du flux thermique entre paroi et écoulement
dispersé, laquelle est en accord satisfaisant avec les résultats expérimentaux.

WARMEURBERGANG IN DISPERSIONSSTROMUNGEN

Zusammenfassung — Der Wirmeiibergang in Dispersionsstrémungen wurde experimentell und theoretisch
untersucht. Die Versuchsanlage bestand aus einer langen Rohrvorheizstrecke zur Erzeugung der
Dispersionsstrémung und einer kurzen Rohrmefstrecke zur Bestimmung der Wirmetlibergangs-Daten
{Wirmestromdichte und Wandiiberhitzung). Als Versuchsfluid wurde fliissiger Stickstoff verwendet. Die
Massenstromdichie bewegte sich zwischen 80 und 300kg/m’s.

Im Rahmen der theoretischen Betrachtung wurde die Struktur der Dispersionsstrémung {Tropfengré e
und Tropfenverteilung), die Absetzbewegung der Fliissigkeitstropfen (Wanderung der Tropfen zur Wand),
die méglichen aufeinanderfolgenden Stadien der gegenseitigen Einwirkung von Tropfen und Wand und
der Wirmeiibergang an Tropfen auf der beheizten Wand untersucht.

Aufgrund dieser Analyse wurde ein Ausdruck fiir den Wirmestrom von der Wand an die Dispersions-

stromung entwickelt, wobei sich eine gute Ubereinstimmung mit den Versuchsergebnissen ergab.

TIEPEHOC TEIJA B JWCNEPCHOM INOTOKE

AHHOTAIHS — AHATTHIAPYIOTCH DE3YIBTATHl JKCHEPHMEHTAIBHBIX M TEOPETUHECKHX MCCICAOBAHMA
HepeHoCca Tera B ANCIIEPCHOM MOTOKe. DKCHEPHMEHTANbHRIN CTEHA COCTOAN 3 JUTHHHOMN TpybyaTo#
CEKUMH NPEIBapATENPHOIO HArPpeRa Iy 0BPa30BaNus IMCIEPCHOTO TEHCHHS H KOPOTKOH TpySuaToH
H3MEPHTE/IBHON CEKUHKM I CHATHA HAaHHBIX MO TEIUIONEPEHOCY (3aBACHMOCTH TENJOBOIO HOTOKA
OT neperpesa creHkH). B xauecTe paboucH KHOKOCTH HMCIONBL30BATICA KHIAKMH a30T. Maccopsie
CKOPOCTH M3MEHSTHCH OT 80 110 300 kr/cex.M2.

TeopeTHYECKOe MCCIIEOBaHMe BKII0YAN0 B cebf aHaIN3 CTPYKTYPBl JHCISPCHOTO NMOTOKA (aHanu3
pasMepa KaniaH ¥ DACTpeae/icHAE PAIMEDOB KATUTH) ; AHAJTH3 OCRXICHHS Kaneih KHAKOCTH (MHIPALHS
Kanenh [0 HanpapiCHHIO X CTGHKC); GHANMU3 BO3MOXHBIX OOCACHOBATCIBHBIX cragui B3aHM0}1€l7I-
CTBHS KAIUTH CO CTEHKOM M MEpeHoca Terula 1O HAampaBieHMIo K Karule, OCaXIarolleiics Ha Harpe-
BaeMOM CTEHKE.

Ha ocHOBe NpOBEEHHBIX BLIIIEYKA3AHHBIX aHANN3OB MOJIYYEHO BHIPAXCHME IS MEpEeHOCa Tenna
OT CTEHKH K JHCIEPCHOMY IOTOKY, KOTOPOE€ XOpOIMIO COTNACYSTCH ¢ IKCTIEPHMEHTANbHBIMHU Han-

HBIMH.



