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DISPERSED FLOW HEAT TRANSFER 
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Heat Transfer Laboratory, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A. 

(Received 29 July 1976 and in revised form 3 November 1976) 

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 &eating a dispersed 
flow and a short tubular transient test section for collecting the heat-tr~sf~ data (heat flux YS ivall 
superheat data). Liquid nitrogen was used as a test fluid. The mass velocities varied from 80 to 300 kg/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 [ml; 
mean drop diameter [pm]; 
deposition diameter [pm]; 
surface; heat-transfer area of the transient 
test piece, equation (2) [II?]; 

correction factor, equations (6) and (26); 

specific heat [J/kg K]; 
tube diameter [ml; 
cumulative (deposition) factor; 
friction factor (f, = 0.0791/Re0,25); 
gravitational acceleration [m/s2]; 

heat-transfer coefficient [lo], equation (10) 

[W/m2 K]; 
latent heat of evaporation [J/kg]; 
thermal conductivity [W/m K]; 
gray body factor, equation (23); 
mass of drop [kg]; 
mass flux of liquid drops [kg/m” h]; 
drop deposition flux [No. drops/m2 h]; 
drop size distribution faction [m-l]; 
Prandti number, P, = Check; 
heat flux [W/m’]; 
heat transferred to single drop [J]; 
flow Reynofds number, Re = Gx~/~~; 
slip ratio, S = K/V;; 

time [ms], [s], [min] or [h]; 
temperature [K]; 
minimum film boiling temperature [I(]; 
initial drop velocity in the flow direction, 

equation (12) [m/h] ; 
vapor velocity (U, = V,) [m/h]; 
local vapor velocity [m/h]; 
friction velocity [V* = Uo(&/2)“‘] [m/h] ; 
drop deposition velocity (v. = rcU*) [m/h]; 
volume of the transient test piece, 
equation (2) Em31 ; 
vapor velocity [m/h]; 
liquid velocity [m/h]; 

85.5 

we, Weber number, equation (3); 
4 axial distance, equations (9) and (10) [ml; 

x, vapor quality; 

Y? radia1 distance [m] or Em]_ 

Greek symbols 

a, void fraction; 

6, boundary-layer thickness [m] or [LITI]; 

“A weight density, equations (5) and (6) in 

[kg/m”] ; 
8, effectiveness of evaporation, equation (16); 

K, constant, equation (13); 

P? viscosity [N/s m2] ; 

P7 densiiy [kg/m3]; 

0, Stefan-Boltzmann constant [W/m2 K4]; 
% surface tension [N/m]_ 

Subscripts 

c, contact ; 
4 drop; 

93 vapor (gas); 
1, liquid; 
min, minimum; 

m, maximum; 

@F> most probable; 
r, radiation; 
sat, saturation; 
u, vapor; 
w, wall (surface); 

WL wall-liquid; 

WV, wall-vapor. 

1. INTRODUCTION 

DISPERSED flow heat transfer (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 coeficlents m the post dryout region between 
the correlations and experimental data [I]. 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-p&x 

velocity” and physical properties are used. These cor- 
relations are listed in Table 1 of reference [3]. They 
generaliy predict a heat-transfer coefficient based on 
the temperaturedifference between wall and saturation. 
AS mentioned by Groeneveld [3] they are simple to 

use but have a limited range of validity and should 
not he extrapolated outside the recommended range. 

Several M.I.T. reports [4-7] deal with a theoretical 
model for the prediction of the post dryout wall tem- 

perature. It was assumed 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 initialfy evaluated at the dryout 

location. The heated channel is subdivided axially. The 
axial gradients in drop diameter, vapor yuality. 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 133. 

The post dryout heat transfer 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, stabie film 
boiling exists and the heated surface is almost dry as 

discussed later in the text. 
ln 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 Iloeje et al. [9] and 

Plumer et al. [7] approached the analysis of the heat- 
transfer in post dryout region from the phenomen- 
ologicai point ofview. 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 
(i.e. 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 

calculation ofthemaximum drop size. mean drl)i7 
size and drop size distribution. 

12) Application of the drop deposltton modci. 
developed by the authors [lo. 111 for prcdictlng 
the drop deposition flux (the amount of liqui‘! 
phase in form of drops deposited on ths heated 
wall per unit surface and unit time). 

(3) Characterization of the possible successive st;ltci 

of the drop-wall interaction and selection of an 
empirical relation for the heat transfer 10 iinglc 
drop on the heated wall. 

(4) Derivation of the relation for the heat tlux r(! 
dispersed flow which covers both the transirion 

boiling region and the film boiling region, appl!- 
ing results from (1). (2) and (3). 

2. EXPERIMENTAL PROGRAM 

2.1, Appuratus 

The loop diagram for the experimental apparatus 15 
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 electric& 
heated 2.44m long Inconel 600 tube 12.7mm 0.D. b> 
10.16mm I.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 transient test 

section, Fig. 2, consists of 25.4mm long tube 10.16mm 
I.D. by 25.4mm O.D. supported and encased to be 
independently heated with steam supplied at a tem- 
perature of 373-4OOK. The transient test piece is tn- 
sulated from the supporting structure by micarta 
insulators (thermal conductivity of 0.396 Wim Ki. 
Three thermocouple holes 1.07mm in diameter were 

drilled radially into the test piece to a depth of 0.X mm 
from the inside radius [7]. The holes were spaced at 
three axial positions along the test 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 instrumentatiot~ fox 
monitoring of the test loop operations and data acqui- 
sitions from the transient test section can be found 111 

[7] and [9]. I n a cases copper-constantan thermo- 11 
couples were utilized as the temperature sensing de\ ice. 

2.2. Experimental method 

The foliowing 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 al 689 x 
10”N/m2 was allowed to flow through two heat c*- 
changers that cool it down sufficiently that it ramains 
liquid as it passes through the flow control valve. 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 lo3 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 
steady state was achieved in the preheater the transient 
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 
existed on the test piece during the transient. 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. l), 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(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 

b7 ’ ’ ’ ’ ’ ’ I Fluid: nltroQen 

Minimum film boiling 
A-B Film boilinp 
B-C Transition boiling 
C - 0 Nucieote boiling oncJ 

then forced convection 

Time, min 

FIG. 3. Temperature-time history 

The Biot number was calculated to be 0.01,O.O 18 anti 

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 hl 
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 Hux, where obtained 

by introducing the temperature- time data (equation I! 
into equation (2). 

Figures 817 show the heat flux data obtained by 
the authors. Appendix II-1 of [lo] gives the estimate 
of the heat losses from the transient test section. 

3. THEORETKAI. WORK 

3.1. Structure of’dispersedpow 

The distribution ofmass 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]. 

3.1.1. Maximm drop rliafnetc~r. The most important 
dimensionless group for determining the stability of a 
single drop and its maximum size is the Weber number 
based on the relative velocity and the gas (vapor) 

density [ 131, 

Critical Weber numbers have been measured experi- 
mentally. Isshiki [ 141 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 [S] value. He found 
We, = 7.5 for liquid nitrogen drop in its vapor and this 
value was used in our analysis, so 

3.1.2. Mean rlrop 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. 

This equation is not dimensionless, The units of the 
quantities are Zi, m; V, and v. m/s: 0, kg/m; yi, kg,‘m-‘. 
Equation (5) has been widely used for predicting the 
mean drop diameter for atomization with air [ 131. 

For a low mass flux and vapor quality, 3 calculated 
from equation (5) was larger than experimentally ob- 
served average drop diameter in dispersed flow with 
heat addition [lo] 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 7i and V, in dispersed flow (Fig. 3.3 of [lo]). It 
is important to mention that ~ukiyama-T~~awa 
results [16] show that the mean drop diameter ii 
[equation (5)] is not affected by the liquid velocity V; 
when the relative velocity (V,- 6) 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 V, in our experiment was considerably less 
than in Nukiyama-Tanazawa experiment, the correc- 
tion factor C has been introduced in equation (5), 

(6) 

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

3.1.3. Most probable drop diameter. Experimentally 
it has been found that a great deal of data satisfied 
relation [ 133 

amp = Z/2. (7) 

i.e. the average drop diameter is twice as large as the 
most probable drop diameter. In [ 171 an empirical 
relation for G, has been reported for Freon 12, for 
specific expe~ental 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 

y(a) = 4 s e -2(a/Z)* (8) 

where G 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, - v;) which 
results from higher mass fluxes and vapor qualities. 
The above equations (4), (6) and (8) are sufficient to 
characterize the constitution ofa dispersed flow, at least 
for the experimental conditions considered. 

3.2. Deposition of liquid drops in dispersedfrow 
The most important phenomenon in the dispersed 

Bow 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 [ll, lo]. It has beenshown [ll, 101 that 
the expl~ation 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 

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 taken 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 frrst terms on the RHS of equations (9) and (10) 
represent the lift forces [ 11, lo] ofthe 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 [ll, lo]. Th.e 
tendency of this force is to push the drop away from 
the wall. 

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

and applying the following initial conditions: 

dx LJO 
t =o, x =o, -= s= t& 

dt (12) 

dy t=o, y=s, ;i;=Ku*=vO. (13) 

Equation (12) assumes that a drop velocity in the flow 
direction, at y = 6 is approx~ately inde~ndent 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 K = 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 K is independent of the particle diameter, in the 
range from several microns to several hundred microns, 
for the dispersed flow under consideration [IO, 91. 
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The effects of the wall temperature, drop size, and For the same conditions and the wall temperature of 
the initial drop velocities in the parallel and perpen- 3OOK, u, = 1.15 etc. (Fig. 5). The curve in Fig. 5. de- 
dicular directions of flow, on the drop trajectories, are position diameter vs wall temperature, was obtained 
demonstrated on Figs. 4(a-d), respectively. for the step increase in drop diameter of ALI = I pm. 

for one particular value of the wall temperature. The 
I I I Step increase in wall temperature was AT,. == IO K. The 

effect of the wall temperature on the drop deposition 
is once again demonstrated in Fig. 5. 

I I I 1 

R: 
For y1 = 3,2, l.f’(a,) represents mass, surface and length 
cumulative factor, respectively. From equation (14) 01x 

o =83m/h 
can see that 0 < ,f(u,) B 1. If the m-all temperature in- 

cl = 20pm creases LI, increases and .f(a,), defined by equation ( 14). 
Tw- 278 K 
U,= 15039m/h decreases (Fig. 5) since the number of drops depocited 
u,,= 0.885 U on the wall decreases. For any value of LI,. !‘(<I,) ik 

v. = 113m/h calculated using equation (8) for P(u). The value oi 
,f’(a,) (fin the rest of the text) is used in calculating 

Cd ) 
drop deposition flux as explained later in the text. 

0 IO 20 30 40 0 IO 20 30 40 
In the turbulent core, velocity fluctuations of the 

Time, rns Time, rns main fluid (gas) can not be neglected and the application 

FIG. 4. (a)Theeffect of slip ratio on the drop trajectory [ 1 I]. 
of equations (9) and (10) is questionable in that region 

(b) The effect of drop diameter on the drop trajectory [l I]. 
On the other hand, the drop deposition occurred along 

(c)The effect ofwall temperature on the drop trajectory [ 111. trajectories mainly developed in the boundary layer. 

(d) The effect of drop deposition velocity on the drop tra- where equations (9) and (I 0) are applicable. 
jectory [I 11. 

3.3. Heut trunsfer in disper.setl,jo~~~ 

Prediction of drop trajectories for u0 < ‘1 < a,, 3.3.1. Heat transfer IO liquid hp. In dispersed flop 

(where a0 and u, are minimum and maximum drop liquid drops penetrating the boundary layer collide, 

diameters respectively, in dispersed flow under con- with the heated wall and cools it by their evaporation. 

sideration) was done by increasing initial drop diameter The variables which characterize the drop-w;rll 

u0 step by step and solving the equations (9) and (10) collision and drop evaporation are numerous [lOI. 

for each value of u, for one particular value of the A shape of the liquid drop in contact with solid wall 

wall temperature. The summarized results of calcu- varies with its dimensions. When drop is very small it 

lation for G = 291 kg/sm’ and x = 0.49 are presented will keep a spherical shape because of the surfacT ten- 

on Fig. 5. For example, if the wall temperature was sion effect. In the case of large drop (diameter of the 

equal to the saturation temperature (no heat addition) order of several thousands microns or more) it \nill 

then drops with a diameter u < 0.81 U were returned form disc-shaped liquid film. When a liquid drop 

to the main stream (Fig. 5). The diameter u = 0.81 Li touches the wall a contact boundary temperature ‘7; 

for this case is so called the deposition diameter ~1,. is immediately established which depends on the initial 
liquid and wall temperature and on nature of Ihc 

I I I 1 I 
0.8 liquid and wall [9]. Approximately 1231. 

$;.;, = [,;;;;J); )l :, I lib 

FIG;. 5. Theeffect ofwall temperature on the drop deposition 
increases, the pictures show fewer and fewer drops 

diameter and cumulative (deposition) factor. touching the wall. The deposition model [equations (9) 

For the known value of the deposition diameter (,, , 
and drop size distribution low, equation (8). we define 
the cumulative (deposition) factorj”(+) as 

* +i 

I 
U”P(CJ) JIi 

,&.) = $ i j-l.1 *,.> 

In spite of the above information, very little is known 
exactly about thermal behavior ofliquid 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. ir 
has been concluded that: (a) As the wall temperature 
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and (10) of this study] predicts this phenomenon, (b) Not all possibie states of the drop-wall interaction 

Drop-wall contact time decreases as wall temperature are covered in Fig. 6. Only the most frequently observed 

increases. states are shown. 

Several other investigators, Parker and Grosh [24], 
Como et al. [26], McGinnis and Holman [27], 
Forslund and Rohsenow [5], Hynek et al. [6], 
Watchers and Easterling [ZS], Corman 1291, Gaugher 
[30], Pedersen [31], Toda [32] and Tloeje et al. [P] 
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, 321. 

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 s, are shown in Fig. 7, together with results 
of other investigators. The effectiveness of evaporation 
E is defined as [31] 

\ 

Large drops 
(bf. 

m Liquid 
a Vapor 

(d) 

FIG. 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 (u,, < 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-va~r 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’,‘, < Tmt”) 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. 

Surfoce tempemture. K 

FIG. 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 [lo]. 

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 [lo]. 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, < Tmin) 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, 
321 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 E with increase of 
the wall temperature [31, 25, 26, 30, 29, 281. Therefore, 
we assume the following simple expression for E. 

F = ,I -K!L,Y 

W. M. ROHSENW 

SO 

The above expression for a with 111 = 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 = I’()( 1 -- x)p, 118) 

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

.!4,, = 1.{>( 1 ~~ CL){‘, f (1% 

wherefis 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 Z. deposited per unit area of the 
wall unit time) is 

where here ?i = average drop diameter for ~1, < u < Cl,. 
defined by the following relation 

‘- a,,, 

? 
U3P(LI)d0 

(I = _I_.- ~~ 

i 1 

I 3 

and P(a) is given by equation (8). 
Applying equation (17) which is based now on LI 

defined by the last equation and using m = 2. the heat 
transfer from the wall to liquid drops is 

(q/A)d=N,Q=c,(l-cc)plH~,,fe[ I RLJ’;, (21) 

The equivalent procedure to the above, in deriving 
(q/&, is presented in Appendix V- 1 of [lo]. 

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, 

(q/A),, = 0.023; Re”.BPr0.S(7;,- 7&J. (22) 

Fluid properties are calculated at bulk vapor tem- 
perature. It was assumed in the above equation that 
the surface void fraction SI,~ (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 [lo]. 

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, 

assuming that the liquid drops and vapor are at the 
saturation temperature. The evaluation of F,r 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. 

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

q/A = (q/A)d + (q/A)” + k/& (24) 

For nitrogen dispersed flow (q/A), was negligible [lo] 
and 
q/A = u,(l -a)p,H& ef1-(T,‘T,@1)2] 

+0.023 k Re”.sPr0.4(7”- T,,,). (25) 

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. 8-17, satisfy 
a developed empirical relation : 

0.4/[(1/,- lWP,/&]o.5 (26) 

It in more in Appendix of [37]. 
In order to find 

of calculation is G and x, 
of the S, is calculated 

as explained in 
AppendixV-6 of [37]. in Figs. 

on the of in the 
of and 

to liquid is high. 

t ’ ““” ’ ’ “““’ ’ ’ 

I I IllIll I 

8. Heat vs wall 

I I I I lllll, ’ ’ ’ I’II’I ’ ’ ’ d 
10 102 

- % 

FIG. 10. Heat vs wall 

I IlIllll~ 

I- ’ ’ “““’ ’ “““” ’ “““1 

FIG. 13. Heat flux vs wall superheat. 

Other correlations for a slip ratio are presented in 
[35,36]. The void fraction is then 

x+ZS(l-x) 
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FIG. 14. Heat fiux vs wall superheat. 

FIG. 15. Heat Aux vs wall superheat 

FIG. 16. Heat flux vs wall superheat. 5. (‘oi%;cLLslohs 

Based on the analysis of the structure of dispersed 
flow, drop deposition, drop-waI1 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 (q/A), was very small for the nitrogen 
dispersed flow, equation (25) was used. 

Figures 8-17 show that the equation 05) is capable 
of predicting the experimental data. 

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

FIG. 17. Heat flux vs wall superheat 

and velocities 

&_““, &Cz! 

“Ps P,(l -a) 

Drop deposition velocity: 

where the friction factor .f, is based on the lapor 
Reynolds number. The mass cumulative (depositiotl) 
factorf; after integration of equation (14). with ~1 - 3 
is given as 

In calculating .f; u, is calculated from equation (4). 

ji from equation (6) where values for C are obtained 
from equation (26). Deposition diameter II, is obtained 

from the solution of equations (9) and (IO) for specified 
values of T, as explained in Section 3.2. 

A significant degree of thermal non-equilibrium can 
exist in a dispersed flow, i.e. a vapor can be super- 

heated. The vapor superheat can be evaluated using 
Plummet? or Gwoenevetd’s [3] models for 1 apor 
superheat, obtained from the experimental data. In the 
experimental data reported in this study (Figs. 8 -171, 

no thermal, non-equilibrium was present as the pre- 
heater section was very long and preheater heat flux 
was low [IO]. 

The transient test section surface for the data m 
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. 

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

{a) When the mass flux increases (constant vapor 
quality assumed) q/A increases and T,,,,, increxes. 
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(b) When the vapor quality increases (constant mass 
flux assumed), (q/_& decreases, (4/& increases, 
and Tmin decreases. This affects q/A in such a 
way that q/A increases in the high temperature 
region (film boiling region) ad decreases in the 
low temperature region ~tr~s~~io~ boiling 

region. 
These conclusions are experimentally supported, Figs. 

8-17. 
The effect of the quality on q/A is rather poorly 

demonstrated at low mass fluxes but is well demon- 

strated at higher values of mass fiux (cf. Figs. 13 and 15). 
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 ECGULEMENTS DISPERSES 

R&me-On conduit l’etude thbrique et experimentale du transfert thermique dun Bcoulement disperse. 
Le montage experimental comprend une longue partie tubulaire de prechauffage pour obtenir un 
Ccoulement disperse et une courte section tubulaire de mesure du transfert thermique (flux par&al en 
fonction de la surchauffe de paroi). On utilise I’azote liquide comme fluide d’essai. Les vitesses massiques 
varient de 8%3OOkg/sm’. 

L’etude thtorique in&t: l’analyse de la structure de l’tcoulement dispersk (distribution de la taille ties 
gouttes); l’analyse du depot des gouttes (migration des gouttes vers la paroi); I’analyse des i-tats successifs 
possibles de l’intbaction goutte-paroi et du transfert thermique a une goutte depost!e sur la paroi chaude. 

On a obtenu B partir des analyses pr&dentes I’expression du flux thermique entre paroi et ecoulemenr 
disperse, laquelfe est en accord satisfaisant avec les risultats experimentaux. 

W~RMEUBERGANG IN DISPERSIONSSTR~MUNGEN 

Zusammenfassung -Der Warmetibergang in Dispersionsstriimungen wurde experimentell und theoretisch 
untersucht. Die Versuchsanlage bestand aus einer langen Rohrvorheizstrecke zur Erzeugung der 
DispersionsstrGmung und einer kurzen Rohrmebtrecke zur Bestimmung der Warmeiibergangs-Daten 
(W~mestromdichte und Wand~ber~t~ng). Als Versuchsfluid wurde fliissiger Stickstoff verw~ndet. Die 
Massenstromdichte bewegte sich zwischen 80 und 300 kg/m’s 

Im Rahmen der theoretischen Betrachtung wurde die Struktur der Dispersionsstromung (TropfengroOe 
und Tropfenverteilung), die Absetzbewegung der Fliissigkeitstropfen (Wanderung der Tropfen zur Wand). 
die miiglichen aufeinanderfolgenden Stadien der gegenseitigen Einwirkung von Tropfen und Wand und 
der W~rme~bergang an Tropfen auf der beheizten Wand untersucht. 

Aufgrund dieser Analyse wurde ein Ausdruck fur den Warmestrom von der Wand an die Dispersions- 
striimung entwickelt, wobei sich eine gute Ubereinstimmung mit den Versuchsergebnissen ergab. 

I-IEPEHOC TEHJIA B AHCI’IEPCHOM IlOTOKF_ 

A~~BOTP~~BB~-AH~J~~~W~~H)TCR pe3ynbTaTbI 3KCIIepiiMeHTWIbHbIX H TeOpeTCISeCKHX lrCCJWlOBaHHii 

Ile~HOCa TeOn~B~HCOe~HOM~OTOKe.~KCOe~~MeHT~~bffbi~C~H~COCTO~n H3JV'IARHOZi Tpy69aTOii 

CeKuUKIIpe~8ap~~bHOrOHarpeeaanR06pa30B~UfHIIRHCnepCHOrO TeYeHEiRn KOpOTKO~Tpy6~aTO~ 

n3MepHTenbHoR ceKuswi nwf CHXTHR BaHHbtx no TennonepeHocy (?~BIICHM~CT~~ TennoBoro IIoToKa 

OT neperpeBa CreHKIi). B Ka'lecTBe pa6oueR XCHAKOCTH HcnOnb30BanC~ XCKAJIK&~~~ a30T. MaCCOBble 

CKOPOCTH E3MeHRJUiCb OT 80 A0 300 Kl-/CeK.M'. 
TeOpeTa9ecK~Hccnex~Ba~e~~n~~arn, SC&l aHanu3CTpyKTypblnllCnepcHoro IIOTOKa(aHaJIA3 

pash4epa ~~~~~c~~~~eH~~ pa3Mepo~~annw);aeanesocamnen~~Kanenb~~~O~~f~~rpa~~un 

KalleJIb II0 HiUIpaBfieWHW K CTeHKe); aHWIH3 B03MO2KHbIX OOCneAOBaTeJlbHblX CTaAHli B3aHMOAeii- 

CTBKX Karuni Co cTeHKoii H nepeH0ca Tenna no HanpasneHuw K Kanne, ocaxcnaloweficn Ha Harpe- 

BaeMO%CTeHKe. 

Ha 0czioBe npOBeAeExExblx sbrmeyKa3aIiEbIx aHanB30B nonyneeo BbIpaxceHEe nnn OepeHoca Tenna 

OT CTWOCH K AHC~epCHO~ IlOTOKy, KOTOpOe XOpOUrO COfnaCyeTCS C 3XCOep~MCHTa~bHblM~ L[aH- 

HMMN. 


