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Abstract -Heat transfer from a wedge in air-water mist flow has been measured over a mass flow ratio 
M from 0 to 3 x lo-‘. Addition of small quantities of water-droplets to air stream enhanced two-phase 
heat-transfer coefficients h,,, from 2 to 14 times the corresponding single-phase ones. While the value of 
ho, increases with increasing the wall temperature T. at high mass flow ratios, it decreases with increasing 
T, at low mass flow ratios, particularly in a dryout state. Generally h,,, increases with I%# and approach 

velocity. These tendencies are well explained by the present first-order theory. 

NOMENCLATURE 

distance between jet-exit and wedge; 
half-width of jet-exit ; 
specific heat of water [kJ/kg K] ; 
specific heat at constant pressure of 
humid air [kJ/kg* K, where * denotes 
dry air] ; 
ratio of experimentat value to theoretical 
one defined by equation (12); 
mass evaporation rate of water film 

[kg/m* s] ; 
mass flow rate of suspended droplets 

[kg/m’s] ; 
local heat-transfer coefficient [W/m’K] ; 
absolute humidity of humid air [kg/kg*] ; 
length of wedge surface ; 
water-to-air mass flow ratio defined 
by equation (6); 
local Nusselt number, h,x/&; 
Prandtl number of humid air ; 
heat flux at wedge surface [W/m’] ; 
latent heat of evaporation [kJ/kg] ; 
- _ _ 

Rex, Keynolds number, u&v,; 
T,, T:, T,, temperatures, dry-bulb and 

wet-bulb of jet, local wall 
respectively [K] ; 

A Tm,,> UJ,,, - Tm ; 
ujr urn, velocities, at jet-exit and at the edge 

of boundary layer respectively [m/s] ; 
~a?* specific volume of humid air [m3/kg+] ; 
x, y and x’, y‘, Cartesian coordinates, 

see Fig. 2 ; 
Z, distance along the wedge apex measured 

from the centerline. 

Greek symbols 

1 0, thermal conductivity of air [W/mK] ; 
VI39 kinematic viscosity of air [mZ/s] ; 
6 apex angle of wedge [rad]. 

YInstitute of High Speed Mechanics, T6hoku University, 
Sendai, Japan. 

$Mitsubishi Oil Co. Ltd., Mizushima, Kurashiki, Japan. 

Subscripts 

wedge surface ; 
single-phase (air) flow ; 
air-water mist flow ; 
humid air of jet, unless mentioned 
specially. 

Superscripts 

f average ; 
, saturated humid air. 

1. INTRODUCTION 

FOR EEFECTIVE utilization of thermal energy, it is 
necessary that the temperature differences between 
heat-transferring fluids and solid surfaces and the 
power for transporting the ffuid are as small as 
possible. Air-water mist cooling is one of the 
modern methods which meet these requirements. 
This method saves one from such special techniques 
to maintain the cooling film as in film- or ablation- 
cooling, because the liquid coolant is supplied to the 
heated surface by continuous impingement of water 
droplets laden in air stream. 

Early studies of the heat transfer to air-water mist 
flow were experimentally made by Tanasawa [l] for 
fog quenching and by Takeyama [2] using heated 
wires. Thereafter Maezawa and Tsuchita [3], Heyt 
and Larsen [4], Simpson and Brolls [5,6] and 
Bhatti and Savery [7] studied heat transfer from flat 
plates theoretically or experimentally. As for circular 
cylinders having active droplet-~pingement, 
Hodgson et al. [IX], Abe et al. [9], Kosky [lo], and 
Mednick and Colver [I 1] carried out experiments ; 
Goldstein et ai. [12] and Hodgson and Sunderiand 
[I31 have made theoretical analyses neglecting 
gravity and water-film evaporation. Heat transfer 
from finned tubes in air-water mist flow was also 
measured by Simpson et al. [14]. Recently, Toda 
[lS] made a review of mist cooling with boiling, in 
Japanese inclusive of his own study. 

These results suggest that at low mass flow ratios, 
a remarkable heat-transfer enhancement is caused 
mainly by the evaporation of thin water films 
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maintained effectively on heated surfaces. Accord- 
ingly, the authors have made an experiment on heat 
transfer from a wedge, having a simple geometry and 
an effective droplet-impingement, in the horizontal 
two-phase flows of air/water droplets (mean volume- 
surface diameter of 98-139um) at mass flow ratios 
from 0 to 3 x IO-’ and at wall temperatures below 
69°C. Furthermore, a theoretical prediction is made 
on a simple model taking into account the water-film 
evaporation and compared with the experimental 
results. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

2.1. Air-water mist tunnel 
Figure 1 illustrates an outline of the wind tunnel 

and the spray system, whose details are described in 
[16]. First, room air was drawn into the inlet nozzle; 

where A and Ci are the sectional area and discharge 
coefficient, calibrated in advance, of the inlet nozzle, 
pi the static pressure defect at the nozzle measured 
by a Betz manometer, v the specific volume of humid 
air; and the subscripts i and j refer to the inlet- and 
jet-nozzles respectively. 

2.2. Test wedge 
The test surface was a stainless foil 30km thick 

and 240mm wide which was fayed, by tensile forces 
acting on the end bars, along the midsurfaces of a 
703mm wide bakelite wedge body with a parallel 
trail as shown in Fig. 2. The foil was electricaliy 
heated by alternating current through electrodes ; the 
Joule heat 4, was measured by the three-ammeters 
method. Surface temperatures T, were measured 
with thirty-four 100p.m dia copper-constantan 

-. Alr 

Jet nozzle 

Strainer Plunger pump Drain 

FIG. 1. Outline of wind tunnel and spray system (units of dimensions: mm). 

after passing through a conic dust-filter, it suspended 
water mists in the spray chamber. Namely, after de- 
airing in a water tank, city water was pressurized by 
a three-throw plunger pump; then it was passed 
through a surge tank and an orifice meter; finally it 
was sprayed through ten hollow-cone spray nozzles 
which were arranged on a circle around the center- 
line of the chamber. A flat spray nozzle also was used 
for humidifying to saturate the carrier air. These 
nozzles were located sufficiently upstream so that 
drops larger than the desired ones might settle out of 
the mist in the low velocity spray-chamber, where 
turbulence also was attenuated. A heated test-wedge 
was installed horizontally in the potential core of a 
two-dimensional jet flow of air-water mists in the 
test chamber; the usual channel flow was not 
adopted to avoid a dropping from its ceiling, 
floodable floor, and blockage effect. In the case of no 
wedge, this potential core had the completely flat 
velocity profile. After heat-transferring, the exhaust 
air was demisted in an eliminator and drawn into a 
blower. 

Since the water-to-air volume fraction is very 
small, average jet-exit velocities iij were determined 
by the following equation: 

Gj = Ci(Aivj/Ajvi)[2pi~i/( 1 + Hi)]“2$ (1) 

thermocouples soft-soldered to the backside of the 
foil ; the errors due to the direct electric heating 
(max. 0.4”C throughout the whole experiment) were 
corrected by calibration. Vertical acrylic-resin plates 
were attached to both sides of the wedge body so as 
to prevent the water film escaping from there and to 
keep the flow two-dimensional. 

The local heat-transfer coefficient h, for the wedge 
surface, regardless of single- or two-phase, is defined 
as 

h, = q/K - T,), (2) 

where T, is the dry-buib temperature of jet flow. The 
wall heat flux q is given as the sum of qe and qcondr 
the rate of heat conduction through the bakelite 

Stainless foil 

FIG. 2. Sectional view of test wedge and system of 
coordinates. 
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FIG. 3. Dry- and wet-bulb thermometers for air-water mists (not to scale). 

body. The combined problems of external convection 
and internal conduction have been solved for a thin- 
wall wedge [17-191 and a wedge-shaped fin [20], but 
their thermal conditions differ from those of the 
present wedge body. Therefore in this study, qcond 
was obtained by solving numerically the heat 
conduction equation with the measured values of T, 
as the boundary condition ; the values of qcond were 
within 2% of q. After the heat-transfer experiment the 
stainless foil heater was removed from the wedge 
body and small holes for thermocouples were 
completely sealed with epoxiresin adhesive. Then, the 
static pressures were measured with OSmm dia 
pressure holes drilled into its surface. 

2.3. Measurement of dry- and wet-bulb temperatures 
of humid air and droplet massjlow rate 

Gas-phase temperatures of the air-water mixture 
were measured by a device provided with 100 pm dia 
copper-constantan thermocouples as shown in Fig. 
3. The mixture was sampled, at point 0’ (off-center: z 
= + 150 mm) of Fig. 2, through the 7.5 mm I.D. and 
9.4mm O.D. glass suction tube inclining at an angle 
of about 65” with the jet flow. After separating the 
droplets, the air dry-bulb temperature was measured 
with a thermocouple stretched in a glass tube. 
Subsequently, the air wet-bulb temperature was 
measured by a thermocouple which was imbedded in 
a copper block covered with saturated gauze, when 
the average air velocity across the copper block was 
maintained so as to be 4 or 5 m/s by monitoring with 
an orifice flow meter. A preliminary experiment 
indicated that the effect of room temperature arisen 

from placing this device outside the test chamber was 
below 0.3”C. 

The mass flow rate of suspended droplets, G,, was 
measured by isokinetic sampling as shown in Fig. 4. 
The mixture sample was drawn into the 7.5mm I.D. 
copper sampling tube, at the point of x’ = 0, y’ = 
- lOmm, and z = - 150 mm, at the same air velocity 
as that of the potential core by monitoring with an 

Air tight mschanis 

Polyvinyl chloride tube 
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w 

FIG. 4. Collection probe for measuring droplet flow rates 
(not to scale). 
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orifice flow meter. Then, the water droplets were 
separated from the mixture by inertia force in the 
separator made of glass and collected in a burette. 
The value of G, was determined by dividing the mass 
collection rate, exclusive of starting period, by the 
sectional area of the sampling tube. 

3. RESULTS AND DISCUSSION 

3.1. Single-phase heat transfer 

As a limiting case and a basis for future pork, 
preliminary experiments were first performed in a 
single-phase (air alone) flow. 

(i) Velocity distribution. Figure 5 shows typical 
distributions of the velocity at edge. of boundary 

layer, a,, evaluated from the static pressures on the 
test wedge. In this figure, Okamoto et al.‘s experi- 
mental data [22] on a wedge in channel flow (the ratio 
of wedge-length to channel-width 2 0.079) are also 
plotted by interpolation from their data for the apex 
angles of n/12, n/6, a/3, k/2. 

Now, we consider an ideal fluid flow around a 
finite wedge in a jet from a semi-infinite channel as a 
model similar to the present experimental condition. 
Its velocity distribution may be represented by the 
following equations on potential theory [21] : 

U,llij = (q/s)“‘2”, (34 

where v.p. indicates the Cauchy principal value, ‘I is 
the parameter obtained from equation (3b), and s 
and /I are the parameters obtained from equation 
(3~) and equation (3b) with x = 1 and the upper limit 
of integration = 1. In this connection, the velocity 
distribution on the wedge in channel flow can be 
calculated similarly by only putting b = 1 in these 
equations. The velocity distributions for both cases 
which are obtained by numerical integration of these 
equations, are also plotted in Fig. 5. It is seen by 

inspection of this figure that: the wedge in jet flow 
has the velocity distribution of IA, CCX~~(~~-@, cor- 
responding to infinite wedge flow, over the range of 
x/l more comprehensive than the wedge in usual 
channel flow ; potential theory is in better agreement 
with the experiment on the former than on the latter. 
The measured velocities for both wedges increase 
more rapidly on approaching their trailing edges 
than the theory for ideal fluid; this tendency results 
from the fact that there exists a wake bubble in 
actual flow, in contrast to assuming infinite 
separation-streamlines in the theory. 

(ii) Heat-transfer coejicients. The single-phase 
heat-transfer data for tij of 5.5 and 7.4m/s are plotted 
in Fig. 6 in terms of the local Nusselt number Nu,,,, 
and the Reynolds number Re,, where u, is estimated 
from a heavy dashed curve of Fig. 5 representing the 
measured velocities. The fluid properties are evalu- 
ated at the film temperature. 

Levy’s solution [23] for laminar wedge flows of Pr 
= 0.7 may be expressed as 

N&(1, = 0.424ReQ.5 X 9 (4) 

where the value of coefficient, 0.424, is determined by 
interpolation from his numerical solutions ; equation 
(4) is also plotted in Fig. 6. It is seen from the figure 
that the measured values tend to become higher than 
the theoretical ones with increasing the Reynolds 
number. Since Igarashi and Hirata’s experimental 
results [24] for laminar wedge heat transfer (apex 
angle of n/3, Re, = 6 x 103-2 x 10’) agree well with 
Levy’s theory, the above tendency may be attributed 
to the rather high turbulence intensity in the 
potential core [(p)i”/U = 1.6-1.7x] due to the 
spray system existing upstream. It is well known [25] 
that in laminar flow with a pressure gradient, free- 
stream turbulence increases heat-transfer coefficients ; 
however, the authors have never obtained infor- 
mation on this effect on wedge flows. Hence in the 
present report, the following empirical formula is 
derived after Lowery and Vachon’s correlation for 
cylinders [26] : 

Wq,, = 0.424Ret,5(0.94+ 1.04 x 10-3Rez.5). (5) 

This formula correlates the experimental data fairly 
wellintherangeof2 x lo3 < Re, < 6 x 104asshownin 
Fig. 6. 

0.06 0. I 0.2 0.3 0.4 0.6 0.8 I 

X/P 

FIG. 5. Air velocity distributions on wedge surface of apex angle 0.643 rad. 



Heat transfer from a uniform heat flux wedge 55 

I 
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FIG. 6. Local heat-transfer coefficients for single-phase (air) 
flow kW. 

3.2. Two-phase heat transfer 
The experiment was carried out over ranges of the 

average air jet velocity iij from 3.4 to 8.8 m/s, the wall 
heat flux q from 4.1 x lo2 to 1.7 x 104W/m2, the 
relative humidity of air from 80 to 100% (the 
majority of data were above 88%), and the water to 
air mass flow ratio M, defined by equation (6), from 
4.6 x 1O-4 to 2.8 x 10-2. 

M= Gp% 
Uj(l +H,)’ 

(i) Suspended droplets and waterjilm on the wedge 
surface. Size distributions of the water droplets were 
measured at the point of x = y = z = 0 by 
Nukiyama and Tanasawa’s method [27]. Typical 
Rosin-Rammler distributions of them are shown in 
Fig. 7. The higher the relative humidity of room air 
and the mass flow ratio M, the larger is their size 
because of less droplet-evaporation in the spray 
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FIG. 7. Typical droplet-size distributions. 

chamber; the jet velocity Uj shows essentially no 
effect within the experimental scatter of data. 
Throughout the whole experiment their mean 
volume-surface diameter was from 98 to 139 pm. 

Droplet velocities were not measured in the 
present experiment. It should be, however, added 
that in our rough estimation the slip velocity of 
droplets is of the order of 2-17x of air velocity in 
the test section and the liquid mass flow rate, rather 
than droplet velocity, directly affects heat transfer 
coefficients. The vertical distribution of the liquid 
mass flow rate in mixture jet was within about +6 to 
-lo%, though rather large in its lower part due to 
droplet settling. 

Droplet trajectories were observed with the naked 
eye through one glass window on the side-walls of 
the test chamber, by superposing them and the 
straight lines which were drawn at regular intervals 
on a paper pinned against the outer surface of the 
other glass window. According to this observation, 
the droplets travel in nearly horizontal and straight 
paths and impinge the wedge surface. These straight 
droplet trajectories are to be expected from a 
consideration of the large “stopping distance” of 0.1 
to OSm in this experiment and from Goldstein et 
al.‘s theoretical prediction for a circular cylinder 

ISI. 
It was found from observations with. an 8mm 

cinematography and with the naked eye that there is 
some difference in the behavior of the water film, 
produced by droplet impingement, between the 
upper and lower surfaces of the test wedge. Namely, 
in the large part of the upper surface, the water film 
flows downward to the leading edge of the wedge 
because gravitational force on the film is superior to 
the momentum influx due to droplets, the shear 
stress on the film due to gas component, and the like. 
It was, however, observed in the vicinity of the 
leading edge that surface tension stagnates the 
downward flow of water film and produces a semi- 
cylindrical swelling part as shown in Fig. 8. At low 
mass flow ratios, this swelling part is rather stable 
and has a width of about 8mm. At high mass flow 
ratios, the following periodic flow motion was 
observed: the swelling part first grows up vibrating; 
as soon as its size exceeds a limit (e.g. its width < 
= lo-16mm), the swelling part rapidly flows down 
from the upper surface to the lower one rounding the 
leading edge; and then all returns to the initial state. 
As air velocity is increased, its vibration becomes 
more violent, e.g. < ‘v 30-40mm at Uj N 8.8 m/s 
and M N 10e2, and small ripples appear all over the 
water film. In some particular cases of high mass 
flow ratios, it was found that intermittently the crest 
of the swelling part is blown off and a re-entrainment 
occurs. Meanwhile on the lower surface, the water 
film flows smoothly downward, because the above- 
mentioned forces due to air-water mist flow act in 
the same direction as gravity. 

In the case of low mass flow ratios and high heat 
fluxes, dryout of water film occurs successively from 
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Grid marks on vertical side wall \C 
\ I \ 

Swelling port of 
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Wedge leadmg edge 

FIG. 8. Sketch of water film at a low air velocity (Uj = 3.5 m/s, A4 = 4.7 x 10m4). 

the higher temperature surfaces where the mass 

evaporation rate of water film exceeds the mass 

impinging rate of droplets. It is possible to perceive 

the onset of dryout from a sudden rise in the wedge 

surface temperature or by macroscopic observation 

as in Fig. 8 ; however, in the present measurement 

either method gave nearly the same results. 

(ii) Heat-transfer coeflcients. The measured values 

of the time-average, two-phase heat-transfer coef- 

ficient h.&) are shown in Fig. 9, where ATmaX denotes 

the difference between the air dry-bulb temperature 

T, and the average (Tw),,x of the respective 

maximum temperatures of the upper and lower 

surfaces, and the curves of hXcl, for single-phase flow 

are evaluated from equation (5) for the same jet 

conditions as the two-phase runs. It may be seen that 

addition of small quantities of water-droplets to air 

100 

00 

60 
50 

FIG. 9. Local 

stream enhances the two-phase heat-transfer coef- 

ficients from 2 to 14 times the corresponding single- 

phase ones. While at high mass flow ratios the local 

heat-transfer coefficient hxC2) increases with increas- 

ing AT,,,, at low mass flow ratios it decreases with 

increasing AT,,,. The latter tendency is particularly 

remarkable in the dryout regions which are repre- 

sented in the figure by horned symbols such as 

g&d. As a general tendency, the value of hxC2, 

increases as the water to air mass flow ratio M and 

the jet velocity, or approach velocity Uj are increased. 

The fact that the heat-transfer coefficient sor upper 

surface has a maximum at x/l N 0.2 or 0.3, seems to 

result from the violent vibration of swelling part 

which brings about a turbulent mixing and periodi- 

cal thinning effects in the water film near the 

maximum point. The tendency for medium and low 
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heat-transfer coefficients for air-water mist flow II,,,, (q in W/m’, T,,, in “C; Symbols 0 
and 0 in right figure refer to Uj = 7.1 m/s). 
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air velocities that at x/l 2~ 0.1 the heat-transfer Substituting equation (2) in the LHS of the above 

coefficients for upper surface fall below the ones for equation, 

lower surface, is caused by a flow stagnation, 
consequently a thickness increase of the water film hX(2) f b(l) 1+ 

(ri,-H,)r, 

near the leading edge. 
1 U..- Tmka _ 

T-T 
(11) 

4. FIRST ORDER THEORY AND COMPARISON 

+ *G,c,sin$-. 
w m 

WITH EXPERIMENT Now we consider the ratio of the measured heat- 
4.1. in fully wet regions transfer coefficient of Fig. 9 to the predicted one 

The following assumptions are made for according to equation (1 l), i.e. 
simplification: 

(if The presence of water droplets in the air f, = IhxcztlexdChxt2tltftr (12) 

stream does not affect the air flow around the wedge. and its average, f, with respect to the wedge surface 
(2) The droplets are uniformly distributed in the length i. Figure 10 is a plot of the values of ,T against 

jet flow; they travel with the mass velocity G, and the mass flow ratio M, exclusive of dryout data. 
the same as the air wet-bulb temperature T& in 
straight paths parallel to the XI-axis. 

(3) On impinging upon the wedge surface, the 
droplets immediately heat up to the bulk tempera- 
ture of water film T. 

(4) The heat transfer from the film to the air 
follows the present empirical formula (5) for a dry o.sr I J 
wedge, and Lewis relation holds good between heat IO_ 10.’ 10-1 4x1~’ 

and mass transfer. M 

(5) No re-entrainment occurs. FIG. IO. Relation between the average ratio f of measured 

With the foregoing assumptions, the time-average 
value to predicted one and the mass flow ratio M, exchisive 

balances of mass and heat are as follows: 
of dryout data. 

0 dW 
Excluding the case of extremely low mass flow ratio, 

G,sin-Z_ = G,+=, the values of ,/’ almost depend upon M only. At 
relatively low mass flow ratios, ,I is greater than unity 

q = h,(,,(T,-T,)+G,(r,+c,7;) owing to assumption (4). However, with increasing 

-G,c,T;sin:+c,-&(7;U;), (8) 

the mass flow ratio, assumptions (3) and (6) become 
invalid due to the thickening water film and 
consequently ,{ tends to decrease gradually; after 

where K$ and T, are the mass flow rate and surface reaching a minimum at M N- 2 x 10b2, .r’ begins to 

temperature of the water film, r and cI are the latent increase again. This reincrease in .I‘ may be attributed 

heat of vaporization and specific heat of water, and to an increase in turbulence and to assumption (5). 

the subscript 6 refers to the value at the temperature On the other hand, the smaller the mass flow ratio, 

Td. Furthermore, the mass evaporation rate of water the higher is the rate of droplets which diminish in 

film G, is approximated by size with evaporation in passing through the thermal 

G, g ~,&&-&)/cor (9) 
boundary layer and flow away downstream without 
impinging on the wedge surface. This is the reason 

where c, is the specific heat at constant pressure of why at M = 4.7 x 10m4 the values of ,r’decrease with 

humid air. All fluid properties in this chapter are increasing AT,,,. 

evaluated at the film temperature and film humidity, Figure 11 presents the distribution of local values 

unless mentioned specially. f, in a form normalized on the average values ,? 

Substitution of equations (7) and (9) into equation Comparison of the average curves in this figure 

(8) and rearranging gives: shows the following: As to the upper surface, 

4 = &,&CC-T,) 
although nearly uniform for low air velocities, the 
f,/f has a maximum at x/l cz 0.2 for m~ium 
velocities and a wavy distribution with its maximum 
at x/l N 0.3 for higher velocities; The abnormally 

4 d7; small values at x/i = 0.74 seem to be caused by the - 
+G,c,(ll;-T&)sin2-+c,qZ. (10) droplet evaporation in the thermal boundary layer. 

In contrast to this, the distributions of f,/,f for fhe 

Then the additional assumptions are introduced as lower surface are nearly uniform independently of ri,, 

follows: Next, we consider an enhancement factor of heat 

(6) The temperature drop across the water film is transfer defined as h,&~,,. The single-phase heat- 

negligible, i.e. T, z T,. transfer coefficients of Fig. 6 can be also correlated 

(7) The enthaipy transport by the water film aiso simply as 

is negligible, i.e. ct w d 7;/dx 2 0. h,,,,x,‘& = O.~~(U,X/V,)~~~~, (13) 
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FIG. 11. Effect of jet velocity Uj upon the ratio f, of 
measured value to predicted one, for M 2 8.8 x 10V4 and 

exclusive of dryout data. 

in the experimental range. Therefore on the assump- 
tion of T, = TL, i.e. relative humidity of looO/,, the 
enhan~ment factor is obtained by substituting 
equations (6), (12), (13), into equation (11) as 
follows: 

with 

Whife the value of K is nearly constant for a given 
position x, the second term on the RHS of equation 
(14) increases with the wall temperature. Hence 
excluding the case of low mass flow ratio, the 
enhancement factor increases obviously with 
(T,- Tm), M, and Uj, even if the relation of Fig. 10 is 
considered. This supports the general tendency of 
/I,(,, described in Section 3.2.(ii). 

4.2. In dryout regions 
Since in this case the droplets impinging on the 

wedge surface evaporate out there, the time-average 
balances of mass and heat are approximated as : 

G,sin$ g G,, 

q s h,(,)(T~-T,)+G,(r,+c,T,) 

-G,c,T’,‘,sing. (17) 

Substituting equations (2) and (16) into equation 

(17), 

The respective focal heat-transfer coefkients, 
[hxt2&,, for the dryout and wet surfaces are 

061 d ;u ,d j 

0 0.2 0.4 0.6 0.6 

x/P 

FIG. 12. Distributions of the ratio f, of measured value to 
predicted one for the case of dryout onset. 

estimated from equations (18) and (11); and a 
comparison with the experimental values, [hxJexp, 
is shown in Fig. 12 in terms off,. The experimental 
data for the dryout surface are mostly lower than the 
corresponding theoretical values, owing to the 
droplet evaporation in passing through the boun- 
dary Iayer. 

The enhancement factor for dryout surface can be 
derived from equations (6), (13) and (18) on the 
assumption of T, = T&, in the same manner as in 
the foregoing Section : 

(19) 

It is seen from this equation that at such low mass 
flow ratios as to cause the dryout, the enhancement 
factor decreases with increasing (T.- T,) as de- 
scribed in Section 3.2.(ii). 

5. CONCLUSIONS 

The results obtained are summarized as foliows: 
(1) The measured values of the velocity at the 

edge of boundary layer for single-phase (air alone) 
runs, agree fairly well with potential theory for an 
ideal fluid flow around a finite wedge in a jet. The 
measured heat-transfer coefficients in a single-phase 
flow tend to become slightly greater than Levy’s 
laminar theory with increasing the Reynolds number, 
owing to free-stream turbulence of about 1.7%; an 
empirical formula, holding good over the range of 
2 x lo3 -C Rex -c 6 x 104, is derived by taking account 
of this tendency. 

(2) The addition of water-droplets to air stream at 
such small mass ffow ratios as 5 x 10-4-3 x 10w2, 
enhances the two-phase heat-transfer coefficients 
from 2 to 14 times the corresponding single-phase 
ones. 

(3) There is some difference between the upper 
and lower surfaces of a wedge in the behavior of the 
water film produced by droplet impingement, Parti- 
cularly on the upper surface, its heat-transfer 
coefficient has a maximum at x rr 20-30mm, 
owing to the violent oscillation of the swelling part 
of water film in the vicinity of the leading edge of 
wedge; and the dryout of water film also is more 
liable to occur on the upper surface. However, 
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excluding these points, there is little difference 
between them in the heat-transfer data correlated as 
in Chapter 4. 

(4) As a general tendency, the two-phase local 
heat-transfer coefficient hx(2j increases with increas- 
ing the mass flow ratio and approach velocity. While 
at high mass flow ratios the value of hx(2j increases as 
the wedge surface temperature T, is increased, at low 
mass flow ratios (particularly in dryout regions) it 
decreases as T, is increased. 

(5) The above-mentioned tendencies are theoreti- 
cally corroborated by considering the time-average 
balances of mass and heat on an approximate model 
taking account of the evaporation and dryout of 
water-film. From the relatively good agreement 
between the first order theory and the experiment, it 
is considered that the droplet evaporation in thermal 
boundary layer and the effect of water film on gas- 
phase boundary layer are of second order. 
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TRANSFERT THERMIQUE POUR UN DIEDRE AVEC FLUX UNIFORME DANS 
UN ECOULEMENT D’AIR ET D’EAU EN BROUILLARD 

R&&---On mesure le transfert thermique pour un d&Ire place dam l’ecoulement dun brouillard d’eau 
et d’air, pour un rapport de debits massique M allant de zero a 3 x 10-l. L’addition d’une petite quantite 
de gouttes d’eau a pair fait que le coefficient de transfert h(,, en ecoulement diphasique est de 2 a 14 fois 
celui correspondant a I’ecoulement monophasique. Alors que la valeur de ho, augmente avec la 
temperature par&ale T, pour des rapports massiques ileves, elle diminue lorsque T, croit pour les faibles 
valeurs du rapport massique, particulierement dans I&tat d’assechement. Ces tendances sont explicables 

par la thtorie au premier ordre donnee ici. 

WARMEUBERGANG VON EINEM KEIL BE1 KONSTANTEM WARMESTROM 
IN STRC)MUNGEN VON LUFT-WASSER-NEBEL 

Zusammenfassung-Es wurde der Warmeiibergang von einem Keil in einem Strom aus Luft-Wasser- 
Nebel in Abhangigkeit vom Massenstromverhaltnis M im Bereich von 0 bis 3 x 10-r gemessen. Die 
Zugabe kleinerer Mengen von Wassertropfen in den Luftstrom erhiihte die 2-Phasen- 
Warmeiibertragungskoeffizienten h,,, vom 2-fachen bis zum 14-fachen Wert der entsprechenden 
WGmeiibergangskoeffizienten bei einphasigen Medien. Wahrend der Wert von h,,, bei hohen 
Massenstromen mit steigenden Wandtemperaturen T. zunimmt, wird er bei kleinen Massenstromverhll- 
tnissen mit steigendem T, kleiner, besonders im Zustand des Austrocknens. Meistens wird h,,, mit 
wachsendem M und zunehmender Anfangsgeschwindigkeit griiger. Diese Tendenzen werden mit der 

vorliegenden Theorie erster Ordnung gut erkllrt. 

TEIIJIOO6MEH METAY PABHOMEPHO HAIPETLIM KJIMHOM M HOTOKOM 
HACbIIIIEHHOl-0 BjIAIOfi B03AYXA 

A~~mai.o~n - MccnenyeTcn rennoo6Mee Menay KnHHOM H nOTOKOM “aCblme”“OrO snaroii eosnyxa 

B n”ana30He OTHOUIeHHfi MaCCOBbIX nOTOKOB M OT 0 no 3 x IO-*. BBeneHse B nOTOK BO3JlyXa He- 

6onbmoro Kon"qecTBa Bojvi"bIx Kanenb ysenerseaer K03(l)+wHe"T Tennoo6MeHa nByx$as"oro 

nOTOKa h,z) B 2-14 pa3 II0 CpaBHeHHEO C O~"O@aJ"bIMH IIOTOKBMU. B TO BpeMR KIK JHa'ieHHc h,,, 
yBen"r"BaeTCSl C pOCTOM TeMnepaTypbI CTeHKli r,. npL, 6OnbUIHX OTHOUleHARX MaCCOBbIX IIOTOKOB. 

o"o yh4e"bwaeTcn c POCTOM r, npe Manblx 3"aqe"mx oT"o~e"~fi. OCO6eHHO B TO'iKc BblCblXaHRR. 

BooGlue. KoY$~WU"eHT ht2) Bo3pacTaeT c POCTOM M II CKO~OCTH Teqe"m. Ha6nmaaeMbIe 3aKOHO- 

MepHoCTB xopOUl006~RC"~IoTCr CllOMOlUbH) npeNIO~eHHOii Bpd6oTeTeOPHA. 


