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The Effects of the Radiative Heat Transfer on the Water Droplet
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Abstract— The phenomenon of water droplet evaporation in hot gaseous flow is investigated numerically in the present
study. In the past researches the effects of radiation on the droplet evaporation have not been taken into consideration or
only the internal heat generation due to radiation was calculated without considering the droplet evaporation. Since the infrared
light, which the droplet in hot environments is subject to, has a wavelength range comparable to the droplet size, the light
transverses to heat generated in the droplet. By employing the Mie solution to obtain heat generation inside the droplet,
the fluid flow, the heat transfer and the mass transfer inside and outside the droplet are calculated simultaneously. To prove
that the numerical algorithm has been correctly applied, the drag coefficient, the Nusselt number and the Sherwood number
calculated numerically at steady state are shown to agree well with experimental correlations. To find out the effects of
radiation on the droplet evaporation, the water drop at the initial temperature of 300K and the air of 1,300 K or 1,900 K
are employed for case study, and Nu, and Sh; are calculated. The higher the gas phase temperature is, the more heat gen-
eration occurred inside the droplet. The radiation, however, made no influence on the flow pattem inside the droplet, the
transport phenomena, the evaporation, etc., since the imaginary part of the refractive index for water is very small, result-
ing in negligible heat generation.
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Fig. 2. Coordinate system for droplet evaporation.
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Heat capacity (J/kg - K), gas phase 1303.3 1194.0 1074.5
Heat conductivity (J/m - sec - K), gas phase 0.1172 0.08368 0.0505
Prandtl number, gas phase 0.7

Schmidt number, gas phase 0.56

Viscosity (N - sec/m’), liquid phase (300K) 85.13x107°

Prandtl number, liquid phase 10.37

Molecular weight (kg/kmol) 18.0

Latent heat (klJ/kg) 22583

Combustor pressure (Pa) 10.1325% 10°

sistZst M36H A4z 19984 83
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Fig. 7. Comparison of numerical calculations and Ranz and Marshall
correlation for the Nusselt number with respect to the Rey-
nolds number.
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Fig. 8. Comparison of numerical calculations and Ranz and Marshall
correlation for the Sherwood number with respect to the Rey-
nolds number.
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Nu, (1 +By,)*"=2+057Re/*Pr;> (10 <Re, <2000) (53)
Sh, (1+B,,)""=2+087Re;*Sc;* (10 <Re,<2000) (54)
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Fig. 9. Heat generation inside a droplet for ambient temperature of
1,300K and 1,900 K.

10 10
94 ——— Nufwio radiation | | 9
----- Shf w/o radiation
®  Nuf w/ radiation L
8 4 o 8
v Shfw/ radiation

Shy
Nu,

2 4 6 8
Dimensionless time (1)

Fig. 10. The Nusselt number and the Sherwood number variations
with respect to time for the ambient temperature of 1,300 K.
The results calculated with radiation(symbols) and without
radiation(lines) are compared.
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Fig. 11. The variations of water droplet diameter squared with re-
spect to dimensionless time for the ambient temperature of
1,300 K are compared to show the effects of radiation. The

two curves are drawn closely enough to be nondifferentiable.
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Fig. 12. The Nusselt number and Sherwood number variations with

respect to dimensionless time for the ambient temperature

of 1,900 K. The results calculated with radiation(symbols) and
without radiation(lines) are compared.
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Fig. 13. The variations of water droplet diameter squared with re-
spect to dimensionless time for the ambient temperature of
1,900 K are compared to show the effects of radiation. The

two curves are drawn closely enough to be nondifferentiable.
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Fig. 14. The temperature variations along the z-axis are shown at
various dimensionless times.
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Fig. 15. The isotherms (a) and the stream lines (b) inside the drop-
let at the dimensionless time of 5.1. The initial diameter
was 30 um and the temperature of environments is 1,900 K.
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Fig. 16. The isotherms (a) and the stream lines (b) inside the droplet
at the dimensionless time of 10.1. The initial diameter was
30 um and the temperature of environments is 1,900 K.
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Fig. 17. The isotherms (a) and the stream lines (b) inside the droplet
at the dimensionless time of 5.1. The initial diameter was 30
pm and the temperature of environments is 1,300 K.

249 Hele Al Atz glon 7|k %71 1,900
K<Ql Aol nlslol= i &5 o] Ags] 3-8 o & it

o} e AAE B W A BALAAE AuliEhe alE 1 A
2l FAEYE o F sk A @3plA B 5 lke] FHEY 5
o} Aol Fo] 2R Gk T} vE FAHE9
Aaeie 129 F71E Z2A % FeRe wi$- 22 38E 8 & g
74A] Bxgc) 593 B4 79 2389 4ot dlg A
A& 5o £2 A% 2oF 0.05 o]3)9] F& Zec) aeby] Eahee
Aol A== dke] Axd} 9 ol Fdtel v]sle] FAIE BHE =
o}k 2y FAEe] 2 &EjE Ak ASols A d%s A
3] & ARolmg BAl7} CWM(coal water mixture)d} 7+2 &eje]
YAk Ui E ol Re) §-EAT Lxat, Zto|u AA WA A
23} Soll At o3k Felely 29}

5 3 =

= —

& U 71A HF 49 A9 Skl tisie] Bapt Qs S
sk gl A3l Histel 271257} 300K Bu-ES AEAE 5

HWAHAK KONGHAK Vol. 36, No. 4, August, 1998



616 it - A8

o] x| 2AE Pslginh. A 27) 714k %= 1,300Ke} 1,900

Ko|u] Alitel] AHE E214 wiriuses 2E 9dl= dAsch

7HA st 7] 714 €571 1,300KQ] 7349} 1,900K3l 73
o thate] BAER7} g el Fate v|= é?‘% ZARIACH &

uRg-o] A9 UiRelA] AV Balge] Ao Fotte|ut #79

ﬂ%ﬁ**bﬂ &g v]A W 2 ghe 7R E3] dEel BAE

235 3%} TeEA] 92 Aol HolHS Ao} B 4 gliet.
!

fl

= ‘41—‘% EAldg AXet o AMEEE SEES S gl ik
Arobr] QubAieko] Aol L Mste] e F WE =4 7| o
Folck. wpeb Bubgo] AfolM e HAR] ¥ FARlA R F

#& A

B d3e gEashig dAAEel-71](951-1106-051-2)A 4 &
2 9o 296 Ak Egyrt

=3
=

!

AEFAFA(, 2ol REAE = H3shs AA e /‘“7]._
Bt B5g e FU2 Jehly] slele] ol Fele] ol
A7 ARe-" o). o F A AkAH(convection operator) D+

D(®; N)-a($] |:r;1§[3§+N af»eraéH

12 dn on an
[az TNV S N ) ﬂ

+Bn J

ok o714 @ FehiAh sz Mgl N& 49 FX4:15he o)
AAYE 450} Re, Pr 53 e A
(diffusion operator) A+

o2 | IN JoP (05 95 05 9§
A@N=52 17 ag(arar P az]

0@ (98 an 95 dn
* (ar ar+az Bz)

+i N | ¢ 3n8n+8_na_n
an | 1 Jon|or dz 0dz

o0 (%an 3
o | or or  Jdz oz

ofch. obehe] ABolA] s4HA 13} 2= 27 rbaks) kel Wl R
& viepaic).

J (1P o0& @ In

(@) = ag( ar]+an[J 8r]
_ (o 3 @ 9
((D)’_ai,‘[J ]+8n[J azj

gistzst m36AH H4S 1998 8

A2o|=
a : dimensionless droplet radius [a/a,]
a’ : droplet radius [um}
A, B, C : coefficients in Antoine equation
B : |[EF/|E,| calculated by Mie solution
By : heat transfer number [B,,=(T..— T )C,/L’]
By - mass transfer number [Byy=(Y. — Yz)/(1— Y.,)]
C : a constant used in Eq. (33) [=1.4388%x 10 *m - K]
Cy : drag coefficient
D, : dimensionless mass diffusivity of gas phase [D,/D,.]
D, : mass diffusivity of gas phase [cm’/s]
E : electric field vector
J : Jacobian
L : latent heat [kJ/kg]
Le, : gas phase Lewis number [Sc,/Pr,]
M : moleculat weight
Nu, : Nusselt number at film condition
p : dimensionless pressure [p=(p' —ps) / pLU2]
P : probability density
Pe, : gas-phase Peclet number(thermal) [Re,Pr,]
Pe, : liquid-phase Peclet number [Re,Pr,]
Pe, : gas-phase Peclet number(mass) [Pe,Le,}
Py, : Prandtl number at film condition
Pr, : gas-phase Prandtl number [p..C,../ x.]
Pr, : liquid-phase Prandil number [n,C,,/ x,]
12
Q : dimensionless heat generation |Q’ .
K, T
Q : heat generation [W/m’]
R’ : gas constant [8314J/kg - K]
Sh, : Sherwood number at film condition
T : radial distance in cylindrical coordinate system [r /a,]
r : radial distance in spherical coordinate system {1 /a,]
Re, : gas phase Reynolds number [a,U.p. /o]
Re, : liquid phase Reynolds number [a,U,p,/|L,]
Sc, : Schmidt number [Le /Pr,]
T : dimensionless temperature [T=T /T..]
t : dimensional time [sec]
U’ : instantaneous velocity of free stream [m/s]
v, : velocity of r direction in cylindrical coordinate system
[v./U.]
v, : velocity of z direction in cylindrical coordinate system
[v./U.]
Y; : mass fraction
z : axial distance in cylindrical coordinate system [z /a,]
azjojA 24t
: angular coordinate
K, : dimensionless heat conductivity of gas phase [x, / k]
K, : dimensionless heat conductivity of liquid phase [/ x ]
K’ : heat conductivity [J/m - s - K]
A : light wavelength [m]
[T : viscosity of gas phase [, /1.]
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: viscosity of liquid phase {1t,/L,]
: viscosity [N - s/m’]

: generalized coordinates

: density of gas phase [p,/p =]

: density of liquid phase [p,;/p.]

: density [kg/m’]

: dimensionless time [t /2, P )
: general function

: stream function [y /ag U]

: vorticity [wa,/ UL}

: solid angle

: dimensional

: prediction

: fuel(liquid material), film condition(average of free stream

and surface conditions)

: gas phase

: liquid phase

: normal direction
: radial direction in cylindrical coordinate
: droplet surface
: axial direction in cylindrical coordinate
: initial condition

: tangential direction

10.

11.

12.
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: free stream conditions
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