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Abstract-The forced convection laminar boundary layer involving a two component gas with dispersed 
liquid particles over a dry isothermal surface is studied analytically and experimentalfy. The effect of particle 
presence and evaporation on boundary layer structnre, wall heat transfer, and wah shear stress is deter- 
mined for the limiting case of dilute concentrations of small particles having large evaporation rate. Solu- 
tions include distributions of velocity, temperature, vapor and liquid throughout the boundary layer and 
the extent of the region near the wall free of particles due to complete evaporation. It is shown that for 
increasing free stream liquid content the increase in wall heat transfer is substantial while that of wall 
shear is negligible. Theoretical results correlate wall heat transfer measurements for an air/water vapor, 

water particle mist flow. 

NO~ENCLA~RE 

The superscript * refers to the dimensional 
value; symbols without other notation refer to 
the gas phase. 

cp, cg, C”, 

C1, Cl> C,, 

constant pressure specific 
heat, Cp”IC*, Cg*fC*, Cv*jC* . 
constants in particle tern: 
perature equation, given in 
appendix ; 
particte diameter, F/D: ; 
mean particle diameter, 
,-*/jj* . 

COY 
mass diffusivity of vapor in 
noncondensible gas ; 
variable coefficients, given 
in Appendix : 
evaporation number, 

h~$Z’*(T; - T$,) ; 
transformed steam function ; 
particle size distribution 
function, F*b,jff, ; 
transformed particle mass 
concentration : 

transformed vapor mass 
con~ntration ; 
tiquid enthafpy of evapora- 
tion ; 
local heat transfer coef- 
ficient ; 
thermal conductivity ; 
characteristic plate length ; 
Lukomsky number, &/SC ; 
mean particle number con- 
centration, 3~5: ; 
Nusselt number h*x*ik* . 
Prandtt number: v*/E* ; 

1 

local heat flux ; 
fiquid mass ratio, 

o”,* jp*, R( 1 - p*;pp*); 
Reynolds number, 

Uz L*jV”, UzX*jV* ; 

Schmidt number, v*iD& ; 
variable coefficients, given 
in Appendix,: 
temperature, 

(T* - T:)/‘(T$ - T$)); 
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Y, 

Greek symbols 
a*, 
b, 

(II’, 

Subscripts 

og, 

?2,3---, 

Superscripts 

8, 

P. 
u, 

A, 

x direction velocity, u*juz ; 
y direction velocity, u*juz ; 
coordinate along surface, 
s*/‘f?* ; 
coordinate normal to sur- 
face, y*/ L*. 

thermal diffusivity, k*/p*C*; 
nondimensional inner 

boundary layer thickness ; 
similarity variable ; 
transformed temperature ; 
characteristic evaporation 

dynamic viscosity ; 
kinematic viscosity, p*ip* ; 
transformed y coordinate ; 
density, 0*/p” ; 
local shear stress ; 
dependent variables in the 
solution ; 
transformed x coordinate ; 
stream function ; 
mass concentration, 

~Pjp*, w*/Rp”*: 
constant in liquid vapor 
pressure equation, given 
in Appendix. 

free stream conditions ; 
wall conditions ; 
order of terms in perturba- 
tion solution ; 
inner boundary layer region ; 
interface between inner 
and outer regions. 

noncondensible gas com- 
ponent ; 
particulate phase ; 
vapor component ; 
mixture ; 
derivative. 

GAS FLOWS with suspended solid or liquid 
particles occur in numerous heat and mass 
transfer operations such as atomization and 
combustion of fuel, heat exchange processes 
utilizing multiphase fluids, and spray drying 
operations. In general, the distributed particles 
exchange momentum, energy, and mass with the 
continuous gas phase, resulting in a significant 
effect of the particles on temperature, velocity 
and concentration distributions throughout the 
gas phase and particulate cloud. Heat transfer 
and friction of the mixture on surrounding walls, 
criteria of primary importance in the design of 
heat exchange equipment and evaluation of a 
heat transfer fluid, are simultaneously altered 
by the particles. In the present investigation, the 
boundary layer on a heated surface subjected 
to forced convection mist flow, involving par- 
ticles of a volatile liquid, is studied anaiytically 
and experimentally. 

Gas boundary layers with suspended solid 
particles have been studied for incompressible 
[l] and compressible [2] flow in the absence 
of phase change. Velocity, temperature, and 
concentration distributions for both particles 
and gas have been determined for large values 
of the longitudinal coordinate. The boundary 
layer asymptotically approakhes a limiting 
condition with no local velocity and tempera- 
ture difference between phases, and the mixture 
behaves as a homogeneous fluid with properties 
dependent on particle mass fraction. For small 
values of the longitudinal coordinate, free 
stream conditions dominate particle behavior 
upon entering the boundary layer, and signifi- 
cant velocity and temperature differences be- 
tween phases are predicted [3]. 

Mist flows involving liquid particles may be 
divided into two classes, characterized by the 
presence or absence of a liquid film on the 
boundary surface. Experiments [4, 51 and 
analytical studies [6, 71, dealing with the first 
class, which is realized at low wall temperature, 
have indicated an increase in heat transfer by 
a factor as high as 30 over that of single phase 
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gas flow. In this case the boundary layer is 
composed of two regions, an inner liquid layer 
on the solid surface and an outer two phase 
layer with distributed particles, between the 
liquid and free stream. 

The second class of mist flows is realized for 
surface temperature high enough such that all 
liquid particles are evaporated before reaching 
the surface. Extensive attention has been directed 
toward determination of heat transfer in the 
presence of a dry wall for various internal flow 
regimes [LX], also called the burnout or dryout 
condition. In the absence of constraining walls, 
however, an external boundary layer is formed, 
which is the subject of the present study. 

The forced convection flow of a two phase 
mist over a dry, isothermal, heated surface is 
considered, with zero pressure gradient. The 
gas-liquid mixture is composed of a two com- 
ponent gas continuous phase with a single 
component liquid phase dispersed throughout 
in the form of tiny particles. One gas component 
is the vapor of the liquid, and the other com- 
ponent is noncondensible. The characteristic 
boundary layer structure of this flow is a result 
of shear which retards velocity near the wall, 
and diffusion of heat from the high temperature 
wall into the mixture, causing particle evapora- 
tion near the wall. The liquid evaporation causes 
a reduction in mixture density, with simul- 
taneous absorption of latent heat and release 
of vapor. Since no particles collect on the wall, 
the presence of a single phase gas inner boundary 
layer region (void of particles) is indicated to be 
adjacent to the wall, in analogy to the vapor 
film adjacent to the wall in film boiling [9]. 

Compared to single phase gas flow, boundary 
layer temperatures in mist flow are reduced near 
the wall, primarily due to the absorption of 
latent heat upon particle evaporation, resulting 
in wall heat transfer increase. Although a change 
may be expected in skin friction due to the 
density change upon liquid evaporation, this 
effect is shown to be negligible at small free 
stream liquid content. 

In the theoretical analysis, the conservation 

equations are written for momentum, energy, 
and mass concentration, resulting in the distribu- 
tions of velocity, temperature and mass con- 
centration throughout the boundary layer. 
Resulting wall heat flux and shear stress are 
also obtained. The experiment consists of 
measurements of wall heat flux in an air/water 
vapor, water particle mist flow over an iso- 
thermal heated surface with a zero pressure 
gradient. 

THEORETICAL ANALYSIS 

The boundary layer analysis is based on the 
following assumptions, which are valid for a 
Reynolds number range for incompressible 
single phase gas flow in the limiting case of 
small particles and low liquid mass concentra- 
tion. 

(1) Particles move with the local gas velocity. 
(2) Particles undergo quasisteady evaporation 

from the local wet-bulb temperature. 
(3) Particulate and gas phase density are each 

constant. 
(4) Mixture transport properties are those of 

the gas alone. 
(5) Collision, coalescence, and aerodynamic 

breakup of particles are negligible. 

Under the boundary layer approximation, the 
governing differential equations are written in 
dimensionless form as follows : 

Mixture continuity 

apu apv 
x+-=0, ay (1) 

Particulate phase continuity, 

where L*ll* is the ratio of characteristic flow 
length to the distance required for total evapora- 
tion of a particle of temperature Tz, velocity 
u*,, and initial size D& in an environment of 
temperature Tz ; 
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Vapor continuity, 

awp u~+v@+R~(ko) .;,_,z 
x ay i . aY I 

i azw 
---=O, 

ReSc ay2 (3) 

where R is the ratio of free stream particle mass 
concentration to continuous phase density, 
and Re and SC denote the Reynolds and Schmidt 
number for single phase flow, respectively ; 

Mixture momentum, 

Mixture energy, 

aT aT 
uaY + v- + Rj3wPCP 

aTp aTp 

ay Ud.u+vay 

1 a2T 
=---- 

RePr ay2 ’ (5) 

where Ev is the ratio of the liquid latent heat 
of evaporation to the characteristic sensible 
heat of the gas phase. The parameters R, Ev 
and L*/A* of this formulation are characteristic 
of two phase flows. In particular, the combina- 
tion Ev appears in film condensation and boiling 
studies, and a length ratio analogous to L*jA* 
has been identified with particulate flows not 
involving phase transformation (1). 

For polydisperse mixtures characterized by 
the size distribution F(x, y, D) giving the local 
number at particles of diameter D per unit 
volume, the liquid mass concentration is de- 
lined by 

7 FD3 dD 
wp = b 

1+RyFD3dD 
(6) 

6 

and the mixture density is defined by 

p = (1 - Rwp)- l. (7) 

Based on assumption 2, the local particle tem- 
perature is uniquely related to vapor tempera- 
ture and concentration, written 

TP - T = C, + C,T + C,w, (8) 

where the coefficients C,, C,, C,, given in the 
appendix, are functions of Ev, Lu and We, w&,, 
constants of the linearized particle vapor pres- 
sure curve which are also given in the appendix. 

Boundary conditions for the particle size 
distribution are 

F(x, y, 0) = 0, lim F(x, y, D) = F,(D), (9) 
)‘-m 

implying that no paI’ticles of zero diameter are 
present and the size distribution far from the 
surface is undisturbed. The other boundary 
conditions for an isothermal and impermeable 
wall are 

u(x, 0) = v(x, 0) = T(x, 0) = g (x, 0) = 0, (10) 

while in the undisturbed free stream, 

lim w(?c, y) = w,, lim u(x, y)= 
)’ * cc y-rm 

lim 7(x, y) = 1. (11) )‘+ a, 

To arrive at equations (3) and (5), the moment 
of equation (2) with respect to lj67cD3 dD has 
been taken to yield the conservation equation 
for particle mass concentration, 

where B and fi denote the local average size 
and number concentration, respectively, as 
discussed by Shapiro and Erickson [lo]. Equa- 
tion (12) was then combined with the vapor 
continuity equation and the energy equation, 
replacing the mass generation terms with con- 
vection terms. 

SOLUTION OF EQUATIONS 

In view of the density variation of the flow, 
the coordinate transformation of Howarth 
and Stewartson [ll] is employed to simplify 
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the formulation in conjunction with a stream 
function, 

t=[i?dy, x=x. (14) 

Next we consider the magnitude of the 
volume parameter 1*/L?, evaluated in Table 1 
for typical conditions of water drops in air. 

Table 1. Characteristic values ofd*/L* 
(pp* = 62.4 Ibm,f?, h& = 1000 Btqlbm, k* = 0.01 

Btuift h F, L* = lft) 

D*, u:, T: - T;, I*/ L* 
microns ftjS F 

1 10 250 oGO121 
1 40 250 0@0484 

10 10 250 0,121 
10 40 250 0,484 

Confining attention here to particles of small 
size of practical interest in mist flows, the 
dependent variables are expanded in a perturba- 
tion series in terms of the small parameter, 1*/L*, 

@(x, 53 D, A*lL*) = @0(x, 5, D) 

+ @*IL*) @1(x, 5, a 

+ (n*;Ey @2(x, 5, D) + . . . . (15) 

The resulting equations to order (1*/L*)’ are 
as follows, omitting the zero subscript. 

TP-T=O, (16) 

Rfi{l - co, - o’,(T - 1)) 

wad 

ax at 

1 1 2 +m, ----_ 
at ax ax at i 

= gg&g> 

(17) 

ay a9 alya+ p a9 -- 
ag azag - XF 

=-- 
Re ap (18) 

p’ a2T 

=RePrp (19) 

/Y = (1 - RcIp)-l. (20) 

Although the respective equations governing 
the higher order terms in the expansion (15) 
may be obtained by a systematic mathematical 
procedure, the primary effect, which is shown in 
the terms of order (2*/L*)‘, is of interest here. 
The equations of the basic problem imply the 
case of rapidly evaporating drops and locally 
saturated mixture throughout the two phase 
region. That is, the local vapor concentration 
and mixture temperature are related through 
phase-equilibrium, approximated here by the 
vapor pressure relation for the liquid. The 
terms involving derivatives of temperature in 
equation (17) form a mass generation term for 
the particles. The ratio of thermal to mass 
diffusivity determines whether particles evapo- 
rate throughout the two phase region or grow 
in the region of the boundary layer far from the 
wall due to supersaturation and ultimately 
evaporate nearer the wall. 

The dry wall condition implies the presence of 
a finite region of gas phase only next to the wall. 
The thickness of this region, 6(x), unknown 
a priori, is determined as part of the solution, 
While the outer region is described by equations 
(16H20), the inner region is described by the 
following well-known single-phase equations 
which are obtained from equations (lH5) in 
the limit as R -+ 0. 

sly. am. av. am. 
Il-II 1 &d 

a< ax ax at =ReScF’ 
(21) 

ayi a2vi aYi a2Yi i a3yi 
at axat ax F=-3’ Re at (22) 
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av a7: alu. a7: 
‘L-l_! _ 1 m 
at ax ax at RePr at2 ’ 

(23) 

Having arrived at a two region formulation, 
additional conditions at the interface must be 
written. The additional variable, h(x), is deter- 
mined as the location where saturation condi- 
tions in the two phase region can no longer be 
satisfied. In general, this implies that drop mass 
concentration vanishes discontinuously at 6(x), 
consistent with thepossibilityofinfiniteevapora- 
tion rate for particles of vanishing size. The 
appropriate interface conditions at 6(x) are 
then as follows : 

Conservation of mixture mass, 

a~dd5, ay alv,d<, aq --+--_--++, 
at dx ax at dX ax (24) 

where &, denoting the transformed inner layer 
thickness, is a function of x only ; 

Conservation of thermal energy, 

(25) 
Continuity of velocity, shear and temperature, 

ay ayi ,a2lu a2y. -_=- 
at at ’ Pp=p T = T. (26) 

Conservation of mass-liquid and vapor, 

(27) 

The wall conditions, equations (lo), apply to the 
solution in the inner region and are given in the 
transformed variables as 

%(x,0) = $0) = !g$O) 
= zj(x, 0) = 0, (28) 

while free stream conditions, equations (1 I), 
apply to the solution in the outer region 

lim E (x, [) = lim T(x, 5) = 1, 
y+m at )‘-+m 

lim wp(x, t) = A. (29) 
Y-‘Ca 

The above partial differential equations subject 
to the imposed boundary conditions are reduced 
to a set of coupled ordinary differential equa- 
tions with corresponding boundary conditions 
by the following similarity transformation, 

T k 0 = e(v), 

The transformed equations for the inner region 

j-y’ + +fijy = 0, 

9;’ + $3; = 0, 

hi’ + F jyl; = 0, 

and, for the outer region, 

f”’ + :p ff” = 0, 

g’ - S,@ + s(sfp) = 0, 
fsc 

8” + 44; fe’ + LuE,(B’)2 = 0, 

p = (1 - a,)-! 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

where the variable coefficients S,, S,, E,, E, 
are given in the appendix. The boundary 
conditions transform as follows : 

q = 0: fi =f; = Bi = h; = 0, (38) 
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q -+ m:f’ = 8’ = 1, g = (1 + I?)_‘, (39) 

‘I= Q:f=fi, f’=fi, +:~, 

8 = Be h = hi, 

0’ - (0; - PrREvf~P/2)/jl = 0, 

(1 - P) {mm + o’,(T - l)} + R/Sup 

(W 

A 

+ g io,pe’ - hi} = 0. 

Solving equation (33) gives a uniform vapor 
concentration in the inner region. The two 
point boundary value problem posed by the 
remaining equations (31), (32), (34)-(37) subject 
to the boundary conditions (38), (39) and (40), 
was solved as an initial value problem. Wall 
conditions and inner region thickness were 
assumed for the unknown values. The numerical 
integration employed the fourth order Runge- 
Kutta method in conjunction with a matrix 
Newton-Raphson routine to converge to the 
correct wall conditions and inner layer thick- 
ness. Limits on trial solution excursions [12] 

substantially speeded convergence and made 
the solution technique virtually independent 
of the assumed wall conditions. Details of the 
solution as well as other details of the study may 
be found elsewhere [ 131. 

The wall heat flux and shear stress are given 
in terms of the gradient of the temperature and 
velocity profiles, respectively, at the wall, 

q* = -k* 
&4*(x*, 0) 

ay* ’ 

z* = -p* &4*(x*, 0) 

ay* . 

The local heat transfer coefficient is computed 
using the relation, 

* 

h* = (T(r, “_ T*,)’ (43) 

and the local values of Nusselt number and 
dimensionless wall shear are given by 

h*x* de(O) I?et 
NUCPZ-- 

k* dv . 
(44) 

1; 
1 I 
1 I 
I I 
I ; 

’ I 
’ I 
’ I 
’ I 
’ I 
’ I 
’ I 
1 I 
1 I 

11 

1npn- 
I 1 I , ’ I I 1 I 
IIII’II” 
I I I / 1 I I 1 I 
, I / , I I I I I 
1IIIIIII~ 
I I I I I I I I 1 

Plan v,ew I 
I I I I I 1 , 
I I I I I I I I , 

IIIi;II/I 
I I I I / I l I ’ 
I I I I I I 1 I I 
I I I I I I I I 1 
I I I I I I 1 I I 
I I l I I I I I I 
I I I I I / I I I 

JUULIU 

(41) 

q’;r 
I 
I 
I 

/ 

Jr 
’ I ‘I r 
I I ’ I I 

I I I ’ / I 
I ’ I I 
I I ’ I 

I I 

I I 
I ’ 

I I I 1 
/ I 

I 
5 I 

I 1 I 
I ’ 

/ / 
I 

I I I ’ I 
I I I 1 I 

jj 
I I I 
I 1 I 
I I I 

:: 
I I 

_J 
II I 
UL 

Steam and 

/condensate 
I I __-- ---_-_ c -------_ 

Side view 

FIG. 1. Test surface layout. 
Dimensions in inches. 

Electrical resistance heater w 
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(45) 

EXPERIMENT 

The local heat flux was measured on an 
isothermal surface in a zero pressure gradient 
mist flow composed of an air/water vapor gas 
phase with water particles. The mist was gener- 
ated with pneumatic nozzles, including an 
ultrasonic generator, in the plenum of a wind 
tunnel especially constructed for mist con- 
tainment. All but the very smallest drops settled 
out of the mist in the low velocity plenum, 
where turbulence also was attenuated. 

The test surface, shown in Fig. 1, was based 
on a previous design [14]. However, both sides 
of the surface were used in this case for heat 
transfer to the flow to circumvent the problem 
of insulating one side. The plate was machined 
from 2024-T351 aluminum and was heated 
using a natural circulation boiler system in 
which steam condensed in holes drilled through 
the plate normal to the direction of external 
mist flow. Steady flow of steam through the test 
plate was insured by the use of an additional 
condenser in the loop after the plate with 
capacity greater than plate capacity. In addition, 
electrical heaters were incorporated into the 
leading edge area to supply the excess power 
required there to maintain isothermal condi- 
tions. The leading edge was sanded to a & in. 
radius and was smoothly contoured into the 
flat surface. 

The two test heaters providing the local heat 
flux data were i x f x 5 in. aluminum blocks 
heated with electrical resistance elements lo- 
cated in holes drilled inside the blocks. The 
units were located 9 in. (test heater 1) and 15 in. 
(test heater 2) from the leading edge in sections 
cut completely through the interior of the 
steam heated plate, dissipating heat to the mist 
flow on both sides. Teflon insulation strips 
isolated the test heater thermally from the 
steam heated plate which also served as a 
guard heater. Each joint was sanded smooth 
on the surface. 

In operation, the boiler power and secondary 
condenser cooling rate were adjusted to give 
the desired plate temperature. Then, power to 
the leading edge and test heaters was adjusted 
such that temperature differences between test 
heaters and surrounding plate locations were 
less than 1°F. Thermocouples in the leading 
edge area indicated temperatures within 4 14°F 
of the mean plate value. Test heater power 
measurements, corrected for lead resistance and 
plate radiation loss, were then divided by twice 
the test heater corrected surface area to give the 
local heat flux, 4”. The experimental values of 
heat transfer coefficient were calculated using 
equations (43) and (44). Error analysis by both 
experimental and analytical means indicated 
an uncertainty in experimental Nusselt number 
of approximately &4 per cent at the high 
values and + 8 per cent at the low values. 

The water content in the mist was determined 
through measurement of water flow rate into 
the nozzles, measurement of settling rate out 
of the plenum, and calculation of the liquid which 
evaporated to saturate the intake tunnel air. 
A water mass balance applied to the tunnel 
under steady operation then yielded the mass 
flow rate of liquid in the mist, and thus the liquid 
mass fraction, with an experimental uncertainty 
of the order +5 per cent at higher tunnel 
velocity, increasing to +22 per cent at lower 
velocity. Based upon calculations of drop 
settling rate and residence time in the plenum, 
the estimated maximum drop size in the mist 
was 3 u, resulting in a maximum experimental 
E*;L* value of O-048. - , 

RESULTS AND DISCUSSION 

Theoretical velocity and temperature dis- 
tributions are shown in Fig. 2 for selected values 
of the free stream liquid mass ratio represented 
by R. The limiting case R = 0 corresponds to a 
single phase gas boundary layer. The other 
parameters, which are kept constant, are typical 
of a water mist in air at atmospheric conditions. 
The vapor concentration may be determined 
immediately from the local temperature using 
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Table 2. Wall Nusselt number and dimensionless shear 

R 04300 0405 0.010 0.015 0.020 0,060 0.100 

Nu/Eet 0.295 0.316 0.332 0.346 0.359 0.429 0.475 
r*iP*u*2ike- _ & 0.332 0.332 0.332 0.332 0.333 0.335 0.339 

6 

Pr = 0.72 

SC 0.52 = 

Ev = 18co 

0 01 02 03 04 05 06 07 O-8 09 IO 

(T'-T&V(7;'-Tb 1 

FIG. 2. Temperature and velocity distributions. 

equation (8) in the outer region, while it remains 
constant at the interface value in the inner 
region. For parameter values characteristic of 
an air/water vapor mixture, the liquid mass 
concentration exhibits negligible change in the 
outer region, ultimately vanishing at the inter- 
face surface and causing the noticeable corner 
in the temperature profile due to the energy 
absorption upon evaporation. An increasing 
content of free stream liquid forces the two 
phase region closer to the hot wall, as shown by 
the decreasing values of Q.? This results from 
the increase of energy absorbed upon particle 

t Research is being currently pursued by the first 
author to investigate the conditions for which the inner layer 
thickness approaches zero and the resulting transition 
between the dry wall regime and liquid film regime. 

evaporation in the two phase region and at the 
interface. The temperature at a given position 
in the boundary layer thus decreases with 
increasing R, leading to an increase in wall 
temperature gradient and heat transfer. 

While the second phase has a significant effect 
on the temperature distribution, the effect on 
velocity distribution and wall shear is negligible. 
This result is not surprising since the maximum 
variation in mixture density was 1 per cent at 
the free stream liquid contents investigated. In 
contrast, the effect of liquid concentration on 
temperature is greatly magnified by the enthalpy 
of evaporation, resulting in a large absorption 
of heat during phase change. Calculations 
verified that velocity and temperature distribu- 
tions approach the single phase values as R + 0. 

Analytical values of Nu/il]e* and 

T*ip*u~2,2iRe- + 

are given in Table 2 for selected values of R, 
indicating the effect of liquid content. 

The local Nusselt number is seen to increase 
as R increases above zero, the limiting case of 
single phase flow. The effect of R on wall shear, 
however, is seen to be negligible. Dependence of 
the local Nusselt number and dimensionless wall 
shear on 8emt and k-* respectively, a charac- 
teristic of single phase laminar boundary layers, 
ispreservedin thepresent twophaseflowsolution 
to the first order. 

The agreement between experimentally de- 
termined values of Nu and the theory is shown 
in Fig. 3, for selected values of R. Within the 
experimental scatter, the data indicates an 
increase in Nu with increasing R and dependence 
of Nu on Be+-. A set of data for R = 0 is included 
as a reference. The surface heat transfer in mist 
flow is seen to be increased above that in single 
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phase gas flow by a maximum of 15 per cent at 
the maximum liquid mist content investigated. 
The Reynolds number dependence of the experi- 
mental data also indicates that the observed 
increase in heat transfer is due to the second 
phase in a laminar flow rather than a turbulence 
effect. 

t 

Pr = a.72 
15 SC - 0.52 15 

Ev = 18.00 

Thearv - 
1 I 1 / 1 ,,I,, I 

15 2 3 4 5 6 7 8 9 IO’ 15 

R;; 

FIG. 3. Theoretical and experimental Nusselt number 
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APPENDIX 

The variable coefficients appearing in equations (35) and 

(36) are as follows. 

s, = - 
01,( 1 - Lu - RbgLuCP} 

Rfi( 1 - w, - w’,(T - 1)} - w’,REvLu’ 
(A.11 

S,=-- - 
(w&)2 (C” - 0) Lu 

RP{l - w, - o’,(T - 1)} - o’,REuLu’ 
(A.2) 

E = Rfi(l + RPgC’)( 1 - o, - o’,(T - l)] - &REu _~__ - I 
-’ Rfi{ 1 - o, - o,(~ - 1)) - o,‘, REcLu 

(A.3) 

E 
2 

= o’,(C’ - Cg) RD{ 1 - w, - o,(T - I)} 

RP{l -w, - w’,(T - 1)) - w’,REvLu’ 
(A.4) 

The vapor pressure curve of the liquid is linearized to give 

w, = 0, + w,(TP - T,), (A.5) 

where w’_ = &u,iZTP is evaluated at the free stream condi- 

tions, and o, is the vapor concentration of saturated air 
at the local liquid temperature. The assumption of quasi- 

steady evaporation results in the following equation for 

wet bulb depression, 

(T - Tp) = -EuLu(w, - w). (A.61 
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Simultaneous solution of equations (A.5) and (A.6) then 
gives equation (8) with the constants c,= - 

w',EvLu 

1 - o&EoLu’ 
(A.81 

EoLu EuLu 
c, = 

l- o',EuLu 
iwb, -%nl. (A.7) c3 = 

1 - o',EvLu' 

TRANSFERT THERMIQUE POUR UN ECOULEMENT BINAIRF DE BROUILLARD 

R&urn&La convection for&e en couche limite laminaire comportant un gaz a deux composants avec des 
particules liquides dispersees passant sur une surface seche isotherme est etudiee theoriquement et experi- 
mentalement. L’effet de la presence des particules et de leur evaporation sur la surface, du transfert thermique 
et du frottement parittal est determine pour le cas limite de concentrations dim&es de petites particules ayant 
une grande vitesse d’evaporation. Les solutions tiennent compte des distributions de vitesse, de temperature, 
de vapeur et de liquide a travers la couche hmite et de I’existence d’une region prts de la paroi sans particules 
a cause de l’haporation complete. I1 est montre qu’un accroissement de la proportion de liquide augmente 
sensiblement le transfert thermique par&al sans modifier le frottement parietal. Les r&hats theoriques 
coordonnent les mesures de transfert thermique pour un Ccoulement contenant air, vapeur d’eau et 

particules d'eau liquide. 

DER WARMEUBERGANG BEI DER ZWEISTOFF-NFBFLSTR~MUNG 

ZusammenIdssung-Die laminare Grenzschicht bei der erzwungenen Konvektion fur ein Zwei- 
komponentengas mit fein verteilten Fliissigkeitstropfchen iiber einer trockenen isothermen Oberfllche 
wird analytisch und experimentell untersucht. Der Einfluss der Anwesenheit von Fliissigkeitsteilchen und 
der Verdampfung auf die Grenzschichtstruktur, den Warmeiibergang und die Scherkriifte an der Wand 
werden ftir den Grenzfall stark verdiinnter Konzentrationen von kleinen Teilchen mit einer hohen Ver- 
dampfungsrate bestimmt. Die Losungen enthalten die Geschwindigkeits-, Temperatur-, Dampf- und 
Fliissigkeitsverteilungen iiber die Grenzschicht und im Bereich nahe der Wand, der wegen der vollstandigen 
Verdampfung frei von Fhissigkeitsteilchen ist. Es wird gezeigt, dass fiir einen steigenden Freistromfltissig- 
keitsgehalt der Warmetibergang an der Wand wesentlich ansteigt, wlhrend das Anwachsen der Scherkriifte 
vernachlassigbar ist. Theoretische Ergebnisse korrelieren die Wiirmetibergangsmessungen an der Wand 

hir eine Luft/Wasserdampf, Wasserteilchen-Nebelstromung. 

TEHJIOIIEPEHOC H TEYEHHIO HAIIEJIEK R IIOI’PAHIUHOM CJIOE 

AHaoTaqmJI-TeopewqecKa I4 3KCnepnMeHTanbHO ki3ynaJlCn JlaMAHapHbIii nOrpaHWnn& 
CnOfi Ha CyXOi n30TepMRneCKOfi nOBepXHOCTA npki BbIHy?KJ(eHHOM Te4eHMH ,lJByXKOMnOHeH- 
T~0r0 ra38, conepmamero ~ncneprnposannbre n neM ~rinrrrie YacTnubr. Onpeneneno nnnnnne 
nanwrnn qacTw K ncnaperrnn Ha c~py~trypy norpannsnoro cnon, TennOO6MeH II cjnniroBoe 
nanprnrienrre Ha cTeHKe gnn npeAenbnor0 cnynan cnadbrx KoKnenTpannfi KenKKx sacTKn c 
60nbntoB cKopocTbr0 KcnapenKn. PetneHKn BKnwiaroT pacnpenenenrre CK~P~CTII, TeMnepa- 
Typbr napa II ~K~AKOCTA B norpaHkisnonr cnoe pacTBopa, a TaKKre ysenaserrne 06nacTK, 
CB060AH08 OT 9aCTWIeK, 6naronapr-r nOJIHOMy KcnapeHKro. nOKa3aH0, 9TO npa BO3paCTaHnK 
COAepWaHKn XKHAKOCTII B CBO6OAHOt.r nOTOKe yBenWleHHe TennOO6MeHa TenJlOBbIX nOTOKOB 
Ha CTeHKe CymeCTBeHHO, TOrna KaK yBenWIeHne HanpRxteHHR TpeHnR Ha CTeHKe He3Ha'IM- 
TenbHO. ffOJIyneHIJ TeOpeTKneCKne BBBACAMOCTK Ann TennOO6MeHa CTeHKK C nOTOKOM CMeCK 

BO3AyXa C BOnRHbIM napOM,COAepHtameti B3BemeHHbIe KaneJIbKR BOAbr. 

(A.9) 


