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Abstract-Stagnation point calculations, including the effects of liquid phase heat transfer and finite rate 
evaporation kinetics, are presented for the case of a high Reynolds number flow over a vaporizing droplet. 
A correlation is developed to compute the entire droplet vaporization rate from the stagnation point results. 
Numerical emphasis is placed on high temperature, rapid vaporization processes such as occur in flight 
vehicle engines, and sufficient calculations are presented to allow estimates for any given case to be made. 

~O~NCLATURE Y. 
aI, a,, as, b,, b2, b,, cl, c2, constants in the Y; 

approximating functions for f; g and Y, ; 
nose radius of curvature ; 

cpTslL ; 
specific heat at constant pressure for the 
gas phase ; 
liquid phase specific heat ; 
stream function ; 
stream function at interface ; 
temperature, T/T8 ; 

y, distance normal to surface; 
a. evaporation coefficient ; 

ct,- liquid phase thermal diffusivity. &/pie, ; 
E”, L’IcpTLo ; 
A, thermal conductivity ; 

PT viscosity ; 

f?* transformed normal distance; 

Pq density. 

ratio p,,/p at 7& ; 

UO) ; 

latent heat of vaporization ; Subscripts 
total droplet vaporization rate ; b, interface; 
vaporization rate per unit surface area ; L, liquid ; 
(~/2)[p/7t(du/dx)a~u,lt ; Lo, liquid phase before heat up has occurred ; 
total pressure ; 6. edge of boundary layer ; 
liquid vapor pressure at interface tem- co. free stream. 
perature ; 
Reynolds number (p,u,p&,); 
temperature; 
initial liquid temperature ; INTRODUCTION 

velocity parallel to surface ; IT IS often necessary to obtain estimates of the 
free stream oncoming velocity ; time required to vaporize liquids injected into 

velocity normal to surface ; a high temperature gas phase environment. 
distance parallel to surface ; For example, highly useful calculations have 
ratio of p, to p; been presented for rocket propellants by Priem 
fuel mass fraction ; and Heidmann [l]. Quite often, as in [l], the 
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majority of a droplet’s lifetime and certainly 
the portion of the lifetime during which the 
greatest vaporization rate occurs is spent in a 
high Reynolds number condition with respect 
to the gas phase environment; say. Re > 10. 
Such a condition suggests a laminar boundary 
layer existence over the leading edge of a droplet. 
Since boundary layer thicknesses, and con- 
sequently the inverse of heat and mass transport 
rates, do not increase by over a factor of two 
over the leading erge of a body [2] and separa- 
tion phenomena over the trailing edge sub- 
stantially reduce. transport rates, it is reasonable 
to assume that the stagnation point behavior is 
dominant in determining the overall vaporiza- 
tion rate of a droplet. Consequently, attention 
will be paid in this paper to the stagnation point 
region, as far as detailed calculations are con- 
cerned; the relation to the entire droplet 
vaporization rate will then be deduced. 

The need for a new approach to the calculation 
of stagnation point evaporation rates comes 
from the mounting evidence that a thermal 
profile exists in the liquid state as opposed to a 
uniform temperature distribution, which may be 
time varying, eventually approaching the wet- 
bulb condition. Recent transient calculations [3] 
have shown that the thermal heating wave 
penetrating the liquid phase cannot be expected 
to reach the droplet center in a high Reynolds 
number flow. There is also support for the view 
that even in a low Reynolds number flow a 
thermal wave assumption is preferable to a 
vaporization (volatile fuel in the given environ- 
ment) and especially if the low Reynolds number 
portion of the lifetime is short [4]. The existence 
of a thermal wave changes the energy balance 
at the liquid-gas interface over that obtained by 
assuming the liquid heats in bulk or does not 
heat at all (the wet-bulb condition). Consequently 
the vaporization rate will change as compared 
with a different assumption concerning the 
liquid phase behavior. An assumption of bulk 
heating would be reasonable if there were 
sufficiently rapid internal circulation in the 
liquid. However, simple order of magnitude 

considerations concerning viscous shear and 
surface tension induced flows suggest that the 
liquid is essentially static internally and that the 
thermal wave assumption is preferable to a 
uniform temperature assumption. 

The physical effects of a nonadiabatic interface 
are known [S]; clearly, the vaporization rate is 
reduced if the liquid is a heat sink. However, 
proper calculations have never appeared so 
that actual estimates of droplet vaporization 
rates for a wide variety of cases can be easily 
made. The present paper attempts to provide 
these results. 

It is also a common assumption, as in [l], to 
assume that the liquid-gas interface is in equi- 
librium so that the partial pressure of the droplet 
vapor at the interface corresponds to its 
equilibrium vapor pressure at the interface 
temperature. At suff!ciently high pressures and 
with large enough droplets this is a reasonable 
assumption, but there are regimes of practical 
interest, primarily in high altitude flight and 
with fuels possessing restricted molecular rota- 
tion in the liquid state, where the validity of an 
equilibrium interface disappears [6]. Again, the 
physics of a finite rate process are understood; 
obviously the vaporization rate decreases for a 
finite rate process as opposed to an infinite rate 
equilibrium process. However, there have never 
appeared computations for the droplet vaporiza- 
tion process with sufficient generality to estimate 
the magnitude of the effect for a given case. The 
present paper presents sufficient numerical 
results concerning the finite rate effect to be 
useful in calculation of vaporization rates. 
Numerical emphasis in all results below is given 
to high temperature vaporization processes 
such as those found in liquid propellant rockets, 
turbojets, ramjets, supersonic combustors, and 
external burning. 

ANALYSIS 

Stagnation point 
Consider the axially symmetric stagnation 

point configuration of Fig. 1. Usual simplifying 
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assumptions are made here which restrict the 
general accuracy in application, although in 
practice more severe errors are usually intro- 
duced by the choice of transport data. The 

Edge 

FIG. 1. Stagnation point schematic. 

assumptions are a boundary-layer flow, perfect 
gas constituents, Prandtl and Lewis numbers 
of unity, heat transfer by conduction onl!. gas 
viscosity proportional to temperature, mass 
transfer by a concentration gradient only, and a 
constant specific heat regardless of local mixture 
ratio. Of course, continuum flow is assumed. 
The well known stagnation point equations for 
the gas phase then become 

f”’ +ff”+ $[g -f] = 0 

g” + fg’ = 0 

Y;’ +fy; = 0. (1) 

The independent variable r is defined by 

andf is the stream function so defined that 

f = u/u, . 

The liquid phase is treated as a semi-infinite 
mass; this is valid if the penetration of the 
thermal wave is much less than the nose radius 
of curvature. For a high Reynolds number 
exterior flow this has been shown in [3] to be 
the case; for a low or zero Reynolds number 
flow this is not in general true except for 

extremely volatile fuels or during the transient 
portion of the development of the heating wave. 
Consequently, the validity of the present treat- 
ment rests upon the maintenance of a high 
Reynolds number flow over the majority of the 
droplet’s lifetime. The liquid-gas interface is 
maintained at y = 0 by translating the liquid 
toward the origin at the instantaneous regression 
rate. This is allowable with no further considera- 
tion of wave motion in the liquid under an 
incompressibility assumption for the liquid 
phase. In the vicinity of the stagnation point. 
therefore, the heat balance is one of conduction 
balancing convection and the differential equa- 
tion is 

__” dg, d2gL 
cl, dy2 L dy’ 

The use of a steady state equation also requires 
that the liquid shape is not distorting in time. 
‘The justification for this assumption is presented 
below. The solution to equation (2) under the 
boundary conditions g,(O) = gb, gL(- 00) = .qLO 
is 

(9 - gLO) = (gb - a,) exp I(f)LlaL)yl. (3) 

The heat transfer into the liquid is consequently 

From equation (3) the condition, as assumed, for 
the thermal wave to be of a small thickness is 
that aL/zk 4 a. Mass continuity requires pLrL = 
pbrb and in a boundary layer flow rib is O[u,/ 
Re*] so that aLJvL = a,p,/p,v, = AL/pbcLvb is 
O[aRe-*]. Thus, the assumption is satisfied 
in a high Reynolds number flow. It should be 
realized that translation of the liquid toward the 
gas to maintain the interface at y = 0 is not 
sufficient to maintain the interface at a constant 
position, since the droplet size must decrease 
with time. Therefore, equation (2) which is a 
steady state equation, is generally incorrect. 
However, the comparison which is relevant 
in this case is a comparison of the droplet 
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lifetime with a characteristic heat transfer time 
in the liquid. The orders of magnitude of these 
times have been presented previously [7] for 
the case at hand of a thin thermal wave depth 
compared with the droplet radius. The order 
of magnitude of the droplet lifetime is pLn2/pL, 
while the magnitude of the characteristic heat 
transfer time is pL&u2/&cC The ratio of the 
droplet lifetime to the heat transfer time is 
consequently of the order of pL6cJ&. This 
parameter is usually quite small (< lo- ‘) for 
most situations. Therefore, there is insignificant 
droplet surface contraction in the characteristic 
time scale of the liquid heat transfer process. 

From the definition of the stream 
the vaporization rate is 

function 

(5) 

Using equations (4) and (5) the energy balance 
at the interface becomes 

g;= -f. _‘+s [* cy (A - gLo)]. (6) 

For all numerical computations below c, = cP 
is assumed, since c&, has been found to have 
little effect; a change in cL/c,, produces a com- 
pensating change in gb - gm A direct compari- 
son of the amount of heat going into the 
liquid to the heat going toward vaporization 
is provided by comparison of (gb - gLO) with 
l/B. It will be shown that the liquid heating rate 
can be substantial. A further condition at the 
interface is that of temperature continuity. g(0) 
= g,,, and at the edge of the gas phase viscous 
region g(co) = 1. The boundary conditions on 
the momentum equation of equations (1) are 

f”(0) = 0 J”(C0) = 1 f’w = fi (7) 

The quantities jb and gb cannot be specified, 
however. since they depend upon the mass 
transfer and interface kinetics processes. The 
conditions on YF are 

Y,(O) = y, YJo3) = 0 

Y;(o) =fb(l - r,) . (8) 

A new unknown Y, has been introduced but the 
last of equations (8) introduces a relation 
between jb and x which expresses the mass 
diffusion rate at the interface. Equation (6) 
gives a relation between jb and gb and only one 
variable is left undetermined. Y,. The Knudsen- 
Langmuir formula derived from absolute rate 
theory is used here 163 

=#YZ c 1 K-Y 
-f 

(9) 
gb 

This introduces a new unknown. I: which is the 
ratio of the equilibrium partial pressure at 
Th to the total pressure. It has here been assumed 
that mass fractions are identical with mole 
fractions, requiring comparable molecular 
weights between species. Assuming the latent 
heat is constant with temperature, a simplified 
relation is [8] 

Y = YF, w b,(l - gLVd] . (10) 

Only as m -+ % can an equilibrium interface be 
assumed. There are, however, several practical 
combustion regimes where wz is O[l]. This 
will occur in a low pressure, high velocity 
environment with sufficiently small drop size 
and a fuel with a low a. The first three require- 
ments are satisfied if the mean free path becomes 
sufficiently large compared with the drop size: 
m /a is a measure of the validity of the continuum 
flow assumption. For the analysis to be valid 
m/a 9 1 must be assumed. However. w can 
still be O(1) if a is low which can occur if the fuel 
has special molecular properties or is 
contaminated in some sense [6]. 

Equations (1) subject to equations (6HlO) 
represent the problem to be solved. The new 
elements in this calculation are in equations (6) 
and (9) which contain liquid phase heat transfer 
and finite evaporation kinetics. The approach 
to the solution could consist of an algebraic one ; 
it is well known that solutions exist in the 
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literature to the first two of equations (1) subject 
to the temperature boundary conditions and 
equations (7). These solutions, as in [9]. would 
yield g’ as functions of gb andfo to which a curve 
lit could be applied; equation (6) then yields a 
relation between gb and f@ The mass fraction 
equation of equations (1) subject to the first 
of equations (1) imply a linear relation between 
g and Y,. Equations (6) and the last of equations 
(8) then imply an algebraic relation between 
Y,& and g,. Equations (9) and (10) then provide 
sufficient equations in the unknowns gb. fb. Y, 
and Y This procedure was not adopted because 
there are insufficient numerical integrations of 
equations (1) in the literature for a Prandtl 
number of unity which cover the values off; and 
gb of interest in this paper. To carry out the 
numerical integrations in this work was deemed 
costly considering the number of calculations 
to be made. Consequently, the approach taken 
was to apply the method of weighted residuals 
to the problem as outlined in [lo]. 

The velocity profile is approximated by 

f’ = (a,q + a,$ - 1) epaz4 + 1 

with the a’s as constants to be determined. This 
satisfies equation (7) but with& undetermined. 
The temperature protile is chosen as 

g = [b,? + b3$ + (gb - l)] eebz4 + 1 

and the fuel mass fraction is chosen as 

Y, = (c,? + Y,) e-“?. 

These functional forms are placed into equations 
(1) weighted by a function, and integrated from 
0 to cc; this yields algebraic equations in the 
unknown constants. Enough weighting functions 
are chosen to yield as many algebraic equations 
as there are unknowns. The weighting functions 
for the momentum equation have been chosen as 

ema2V, qe_QV, 12e-2’1, 

those for the energy equation 

e -b.~, tle-bz”, v2e-bvr, 

and those for the mass fraction equation 

e-czq . and qe-c2q. 

The resulting nonlinear, algebraic equations 
will not be presented here since they are quite 
lengthy and since one purpose here is to perform 
calculations once and for all. Regardless, eight 
algebraic equations are produced in the twelve 
unknowns a,, a2, aj. b,, b,. b,, cl. ~2. fb. Y, Y 
and gb. The four remaining algebraic equations 
come from equations (6) the diffusion relation of 
equations (8) and equations (9) and (10) into 
which the approximating functions are directly 
placed. These twelve equations are solved by 
iteration. Usually four iterations are all that are 
required for acceptable accuracy since initial 
estimates of the unknowns are relatively simple 
to make from physical knowledge of the system. 

The procedure above is closely related to a 
truncated expansion of the solution in terms of 
Laguerre functions 11 which form a complete, 
orthogonal set in the interval 0, co. However, 
the appearance of the constants u2, b, and c2 as 
well as the use of simple powers of q as multi- 
pliers negates the viewpoint of a Laguerre 
function expansion. Completeness of the set of 
functions is not claimed; however, without 
proof, it is conjectured that the more terms 
retained in the expansion the more accurate 
should be the results. The reason for including 
the scale factors a2, b, and c2 is to make a more 
rapid convergence to the answer, because the 
exponential term dominates the distance scale 
of decay. It is imperative with an approximate 
technique of this type that an estimate be given 
of the accuracy of the method. Two ways exist to 
perform the demonstration that reasonable 
results are obtained. The first consists ofdemon- 
stration that taking more and more terms of the 
expansion gives numerical convergence. The 
second, and the one adopted here, is to compare 
the results with an exact solution, since, as has 
been mentioned some solutions for g’ as a 
function of gL and fO exist. 

Accordingly, from the numerical results Fig. 2 
can be drawn expressing the gas phase interface 
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heat transfer as a function of the wall blowing 
rate and interface temperature. The circled 
points are exact calculations taken from [9]. 
Since the calculations in [9] are for a Prandtl 

usually quoted in providing the relation* 

FIG. 2. Comparison of approximate method with adjusted 
numerical integrations. 

number of 0.7, these calculated points have been 
adjusted by the factor 

g’ (Prandtl No. = 1) = 1.1533 

g’(Prandtl No, = 0’7) 

from the work of Sibulkin [12]. It is seen that the 
agreement of the present method and exact 
numerical integrations (adjusted) is quite good ; 
generally 10 per cent accuracy is achieved. This 
error is well within the magnitude of effects to be 
elucidated in this paper and within errors in 
combustion analysis in general. 

Entire droplet 
As the quantity B drops it may be seen from 

equation (6) and may be verified later that the 
portion of heat transfer going toward providing 
the latent heat increases relative to that going 
toward liquid heat transfer. The experiments numbers IS omltted here. 

the accuracy of the analysis the correspondence 
holds between the present boundary-layer theory 
and the empirical correction to a spherically 
symmetric theory. Using the average number of 

- 
*A weak dependencL. on the Prandtl and Schmidt . 

ti (convection) 

rig (no convection) 
= 1 + 0.3 Ret (11) 

are based upon low B configurations, as in 
[13] or [14]. The Reynolds number in equation 
(11) is based upon the droplet diameter and free 
stream properties. An accepted method 1151 of 
computing ti (no convection) is 471~~~ In [l + 
B( 1 - g,)]. This formula is, however, not correct 
in cases where strong heat transfer to the liquid 
is occurring. Equation (11) is undoubtedly 
incorrect in fine detail near Re = 0, as expressed 
in [16], but it is of practical use. The present 
theory is restricted to Re % 1 so for the moment 
consider the high Re form of equation (11) by 
dropping the 1. In view of the foregoing remarks, 
if calculations of the present paper are taken 
where gb = gL, (no heat transfer to the liquid 
phase) the results should give the ratio of total 
droplet vaporization rate to the stagnation point 
rate through the use of equations (11) and (5). 
That is, taking equation (5) and assuming 
(du,/dx), cc (~,/a) along the result Z (no convec- 
tion) = 0.3 Re3(,ua/u) ln[l + B(1 - g,)] and 
dividing the two it is found that the ratio 

-f0 

ln [I + B(1 - s,)] 

should be constant. Table 1 gives the comparison 
which shows that well within 

Table 1 

gb B -fo -f&$1 + B(1 - s,Jl 

0.8 3.15 0.235 0.48 

0.6 1.6 0,235 0.47 

0.4 1.1 0.233 0.46 

#92 = 100. E” = 13.0. YFO = 04. Qh = gL” 
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this ratio it is determined 

iii 
___ = 052 
&tag. pt. 

or the vaporization rate per unit area averaged 
over the entire droplet is 52 per cent of the 
stagnation point value. The suggestion naturally 
follows, therefore, that the present results may 
be used to compute total droplet vaporization 
rates. First, it follows that 

OB- 

07- 

06- 

05- 

4? 
I o-4- 

03- 

02- 

Ol- 

(11) to broaden the range of applicability of the 
results. There follows 

rit = (1 + 0.3 Ret) (53) paa( - fO) . (12) 

Equation (12) is offered as a formula for com- 
putation of droplet vaporization rates regardless 
of Reynolds number wheref, is given below as 
as a function of several parameters. 

It is to be emphasized that equation (12 has 
been constructed to agree with the present 
body of experimental results. It recovers the mass 
transport results of [ 131 and [14]. The formula 

I O-8 

0 
I I 

2 4 6 6 IO 12 I4 16 

B 

FIG. 3. Vaporization rate vs. B for selected parameters. 

Assuming (du/dx), = $ (~,/a), the low speed 
inviscid value of the velocity gradient, equation 
(5) yields 

%islag. ,,(. = 6*Re* $r ( - f,,) = 03 Re* 
(> 

g x 

where Re is based on the same properties as in 
equation (11). A suggestion then is to replace 
the factor 0.3 Ref by 1 + 0.3 Re* as in equation 

contains the well known high Re form of the 
Nusselt number [17], being proportional to 
Re*. Of course, there is presently no experi- 
mental support for equation (12) for high B 
configurations. Consequently the applicability 
of equation (12) must be regarded as a conjecture, 
since it appears correct in limiting cases but has 
incomplete supporting evidence for general 
applicability. 

STAGNATION POINT RESULTS 

For fixed w E, YF, Figs. 3-5 show the 
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o-4 
_--- ____------- 

0.6 
m -100 
Ey =I3 0 

CT 0.4 

04- 

c3- - YFo=0.4 

---Y,=OOO4 

OZ- 
0.1 

_____a-_---__________ 

0.1 
01 

o- ” ” “1 1 ’ 11 11 c 
123456789 IO Ii 12 13 14 15 

B 

FIG. 4. Surface temperature vs. B for selected parameters. 

vaporization rate (&), surface temperature (gb) 
and droplet vapor mass fraction at the interface 
(5) as a function of I3 with gL, a parameter. By 

a highly volatile fuel it is meant in this paper 
that the vapor pressure at the initial temperature 
is high. Since mass transfer in significant amounts 
requires high Y, a fuel with high YF, means that 
little interface heat-up (or temperature change 
in any direction) is required. Consequently, 
for any given gL, it is seen on Fig. 3 that mass 
transfer at any given B is significantly higher for 
a more volatile fuel. Furthermore, comparing 
l/B with gb - gL, as in equation (6) it is seen that 
a much lower fraction of heat transfer goes 
toward liquid heat transfer for the more volatile 
fuel. Of greater significance is the general fact 
that the liquid heat transfer can be substantially 
greater than that going toward providing the 
latent heat as shown by the example of Table 2. 

‘Iiablr 2 

I;, YB ch-gr.o Ji. Ratio of liquid phase 
heat transfer to latent 

heat provision 

k&’ - &,) x B 
~~ .._ 

0004 0.1 0.24 0,327 2.4 
0.4 0.1 0,024 0.656 0.24 

wz = 100. E,. = 13.0. B = 10. gLO = 0.4 

FIG. 5. Surface fuel mass fraction vs. B for selected parameters. 
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Consequently, the fact that a wet-bulb condition 
is not attained under the present assumptions 
cuts drastically into the computed vaporization 
rate for non-volatile fuels and requires a signiti- 
cant correction for even volatile fuels. The 
assumption of wet-bulb attainment can easily 
lead to errors in the computed vaporization 
rate of the order of a factor of 2. 

Other facts shown by Figs. 3-5 are less 
subtle. As B increases for fixed gL,, fO, gb and Y, 
increase. This is the consequence of a lower 
latent heat. The latent heat also enters into E, 

but this will be shown to have a minor effect on 
the primary quantities of interest. As gL, rises 
for fixed B, If01 falls. It should be emphasized 
that this is not the effect of raising T,, because 
YF, and m have been held fixed. Additionally 
it is not the effect of lowering T, because B is 
fixed. Perhaps the easiest way to visualize the 
gL, change is that q is raised as the fuel is 
changed to maintain Y,, at a fixed value. That 
is, a higher gL, corresponds to a less volatile 
fuel, and, since the heat-transfer potential from 
T, to q decreases, lfOl decreases. It should be 

06- 

FIG. 6. Vaporization rate vs. kinetics parameter. 

FIG. 7. Surface temperature vs. kinetics parameter. 
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FIG. 8. Surface fuel mass fraction vs. kinetics parameter. 

noted in Fig. 4 that at sufficient low B cooling 
of the interface, rather than heating, occurs 
(mass transfer cooling). gb falls below gL,. 

Figures 6-8 show the effects of finite vaporiza- 
tion kinetics. In most combustion situations in 
the aerospace field typical values of m are from 
0.1 to 1000. It is seen that a reasonable reduction 
of vaporization rate can occur at the lower 
end of the m range and the reduction is more 
pronounced the larger the value of gLO. The 
effect of slow vaporization kinetics is to force 
the surface temperature higher for a given mass- 
transfer rate; since a higher surface temperature 
implies more heat transfer to the liquid phase, 
there is in turn a reduction of heat transfer to 
provide the latent heat. Consequently, the 
vaporization rate decreases. Presently, the 
greatest uncertainty in ?ne is CI which depends 
heavily upon the liquid phase structure and 
possible surface contaminants. 

be shown below to greatly aid in the use of these 
curves for computing the vaporization rate of 
any given configuration. 

Within the previously stated accuracy of the 
analysis sufficient calculations have been pre- 
sented to cover a wide range of conditions. The 
primary parameters which have a strong effect 
on f0 are B, gr, and YFO. Although the direct 
effect of Y,, is small, in practice this parameter 

O6- g&=0.2 

0.4 

v5- 

04- 

0.8 
40 03 
I 

Figure 9 shows the effect of E, on the vaporiza- 
tion rate. E, measures the slope of the vapor 
pressure vs liquid temperature curve. All other 
factors equal a high G means the surface 
temperature change from gro must be smaller to 
accomplish a given outward mass transfer rate. 
Hence, less heat transfer to the liquid is required 
and the vaporization rate increases with E”, 
all other factors held constant. This is, however, 
a weak effect as is seen in Fig. 9. 

02 

t 
01 

t 

m* 100 
B = 5.0 

Y = 0.4 
Fo 

1 I I I I I 1 
0 5 IO 15 20 25 30 

0" 

FIG. 9. Vaporization rate dependence on E,,. 

varies over a wide range. It is therefore suggested 
that any configuration can be computed to 
reasonable accuracy by the following procedure : 

The separate effect of Y,, is shown in Fig. 10. 1. From Fig 3 obtain f0 for Y,, = 04 and 
The nearly linear behaviour off0 vs. In Y,, will 0004 for the given values of gb and B. 
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2. With the known Y,, compute a corrected analysis. Hence, the results presented herein 
f0 by linear interpolation using the logarithm offer a method of rapidly estimating the vapori- 
of Y,,. zation rate for a wide variety of practical 
3. Make the minor m and E, corrections using combustion situations. 
linear interpolation and Figs. 6 and 9. DISCUSSION AND CONCLUSIONS 

An example of this procedure is shown for a Calculations have been presented for the case 
5G50 mixture of UDMH-N,H, using property of stagnation point vaporization rates in a high 

FIG. 10. Vaporization rate dependence on volatility. 

data from [18]. The conditions chosen are 
TLO = 500”R p = 300 psia, T, = SOWR so that 

gLO = 0.105 Y,, = 0.00308 

B = 8.13 E, = 9.98 

m = 55.6 a = 1 (assumed). 

Exact calculations by the procedure of this 
paper yieldf, = -0+539. From Fig. 3 

B = 8.13, gLO = 0.105, m = 100, YFO 

= 0.4 + f. = - 0.695 

Reynolds number flow when the liquid-gas 
interface is out of equilibrium and for the case 
of no internal circulation in the liquid. A 
method which agrees with the present body of 
experimental data has been developed for the 
computation of entire droplet vaporization 
rates from the known stagnation point rate. 
Sufficient calculations have been presented to 
make engineering estimates of vaporization 
rates for a wide variety of high temperature 
vaporization situations. 

B = 8.13. gL, = 0.105, m = 100, Y,, 

= 0.004 -+ fb = -0.595 . 

Linear extrapolation with log YF, then yields 

fo = -0.537 

which may be compared with the exact result. 
Corrections with respect to m and E, could also 
be made, but they are minor. It is seen that 
the result is well within the accuracv of the 

Because of the heat transfer into the liquid 
when a thermal wave exists vaporization rates 
can be substantially lower than those computed 
from conventional formulas which assume the 
attainment of a wet bulb temperature. The 
assumption of ho internal circulation appears 
justifiable on the basis of current knowledge 
but there clearly is a need for diagnostic experi- 
ments or at least theoretical work in both the 
high and low Reynolds number regimes to 

~2 
-_ _-.- clarify this issue. The present theoretical results 
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should also be viewed as upper limits to the 
vaporization rate under the no internal circula- 
tion assumption. because the thermal wave 
development transient in any real situation 
requires of the order of a droplet lifetime 131. 
During this transient the thermal wave is 
thinner than its fully developed form, and 
consequently the amount of heat transfer into 
the liquid is greater than it would be if a steady 
state had been achieved. 
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EVAPORATION DE GOUTTES PAR CONVECTION FORCEE AVEC UNE CINETIQUE 
DE VAPORISATION FINIE ET UN TRANSFERT THERMIQUE 

R&m&-Des calculs au point d’arrbt. comprenant les eftets de transfert thermique dans la phase liquide 
et des cinttiques de llux d’ivaporation lini sont present&s pour le cas d’un tcoulement a grand nombre de 
Reynolds autour d’une goutte en evaporation. On dtveloppe une relation pour calculer le taux d’evaporation 
globale de la goutte a partir des resultats obtenus pour le point d’arret. Une extension numerique est 
relative au cas des processus de vaporisation rapide a temperature elev&e comme cela se rencontre dam 
les moteurs de vthicules volants et on prtsente des calculs qui constituent des approches de cas reels 

quelconques. 

TROPFENVERDAMPFUNG BE1 ERZWUNGENER KONVEKTION MIT ENDLICHER 
VERDAMPFUNGSWARME UND FLUSSIGKEITS-WARMEUBERGANG 

ZuaammenfPssung-Staupunkt-Rechnungen. mit Beriicksichtigung des Eintlusses des Warmetibergangs 
im Fliissigkeitsgebiet und endlicher Verdampfungswarme. werden fur Umstriimung eines verdampfenden 
Tropfens bei hohen Reynolds-Zahlen ausgeftihrt. Es wurde eine Beziehung entwickelt zur Berechnung 
der gesamten Tropfenverdampfung aufgrund der Staupunkt-Rechnung. Grosser Wert wurde auf die 
Berechnung von schnellen Verdampfungsprozessen bei hohen Temperaturen gelegt, wie sie in 
Flugzeugtriebwerken auftreten; es wurden gentigend numerische Ergebnisse vorgelegt, urn Abschatzungen 

fiirjeden moglichen Fall zu machen. 



FORCED CONVECTION DROPLET EVAPORATION 

~~HET~~A ~~HAPEH~H KAnEJIb C ~OHE~HO~ CKOPOCTbIO H 
TEIIJIOOBMEH B XW~KOCTli IlPEl CBOEOJJHOki XOHBEKU;MW 

AHHOTarlusr-npeACTasneHM paWeTbI AJIH KpHTWJeCKOfi TO'IKII npR 06TeKaHBM HCIIapfilO- 

IQelfCH KaiUlll IlpH 60nbmax WlCJEiX PetiHOJlbfiCa. &34 3TOM jWiTblBaeTCZ3 BJlHRHYle TeiLJlOO- 

6MeHa K K~HeT~K~ MCIIapeHHSZ C KOHeqHO~ CKOpOCTb~. nonyseao 06o~eH~oe ~paBHeH~~e 

finff paweTa mrTerpanbkzoi4 c~0p0CT~ mnapeam Kamm. YHcJeHHIJe pacqeTbx IlpOBO@ETCfi 

@IFI BbICOKOTeMIIepaTypHbIX IlpOl.@CCOB C 6onbmoi3 CKOpOCTbKJ EWIapeHklFI, KaK, HaIIpMMep, 

B aBMal&AOHHbIX ABSWaTeJIHX. TaKme npeACTaBJIt?HbI paCYeTb1, IlpIlMeHMMbIe J&JR n106OrO 

.lGlHHOrO CJIj'qaR. 
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