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Radiative Heating in Scramjet Combustors

H. F. Nelson*
University of Missouri- Rolla, Rolla, Missouri 65409-0050

Currently, there is considerable interest in scramjet engines for hypersonic aircraft and missiles. This
paper presents preliminary calculations of the radiative heating of the walls of scramjet combustion
chambers. The analysis assumes isothermal, constant property flowfields that are representative of actual
combustor flowfields. The fuel is H,, and N, is taken as inert. Temperature in the combustor is on the
order of 2000-3000 K and the pressure is of the order of 5 atm. The combustion products consist mainly
of H,O and OH. These gases are strong radiators in the infrared. Radiation heating can be significant
because of high temperature and pressure and the strong gas emission. The radiation fluxes from H,O
and OH are predicted to be as large as 24 W/cm? depending on the size of the combustor. Larger
combustors have larger radiative heating. Radiation heating is roughly 10% of the convective heating.
For airplane applications, where the engine must go through many cycles between overhauls, the com-

bustor will need thermal radiative protection.

Nomenclature
A = parameter, Eq. (1)
a = fine structure parameter
CD = collisional-Doppler optical depth
d = line spacing, 1/cm
E = activation energy, kJ/gmol
F(0) = radiative flux, W/ecm®
F(0) = spectral radiative flux, W/(cm>1/cm)
P = adiabatic wall enthalpy, kJ/kg
h,, = combustor wall enthalpy, kJ/kg
I = blackbody intensity, W/(cm™>sr-1/cm)
1, = radiative intensity, W/(cm™sr-1/cm)

K = equilibrium constant

= backward reaction rate, gmol/(cm3-s)
= forward reaction rate, gmol/(cm3-s)
length, cm

Mach number

molecular weight, kg/kmol
exponent, Eq. (1)

pressure, atm

convective heat transfer rate, W/cm?
gas constant, 8.314 kJ/(kmol-K)

line strength to half-width ratio, 1/cm
Stanton number, =0.01

= path length, cm

temperature, K

pseudothickness, cm

velocity, m/s

band model optical depth

coordinate directions, Fig. 2

mole fraction

line half-width, 1/cm

parameter for line half-width, Eq. (16)
polar angle, deg

absorption coefficient, 1/cm

density, kg/m>

= optical depth
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¢ = equivalence ratio, or azimuthal angle, deg
w = wave number, 1/cm

Subscripts

C = collisional

i,J = gas i, gasj

k = reaction k

p = calculation point

0 = freestream condition, combustor size
Superscript

® = Beer’s law

Introduction

UPERSONIC combustion ramjet (scramjet) engines are

being developed for future hypersonic vehicles. Both
NASA and the U.S. Air Force have research programs to de-
velop propulsion systems and airframes that could evolve into
hypersonic missiles and aircraft.' The U.S. Air Force program
expects to develop a practical engine that could be used in
Mach 4-8 hypersonic missile applications by 2002. NASA’s
Hyper-X program involves demonstrating analytic methods,
conducting wind-tunnel tests, and flying a 12-ft-long, un-
manned, scramjet-powered aircraft in the Mach 6-10 range.
These engines must be analyzed to determine their combus-
tion characteristics with respect to mission parameters, such
as pressure, temperature, Mach number, angle of attack, and
fuel- air ratio.

Scramjet engines are not without operational tradeoffs.
Fuel-air mixing by diffusion in the high-speed flow is limited
because of the short residence times. In conventional ramjet
engines decelerating the air required for combustion to sub-
sonic speeds entails enormous losses. In scramjets high inlet
flow velocities, flameholding and ignition delay require long
combustion chambers. Combustion chambers can be made
shorter using mixing enhancement strategies, but at the ex-
pense of thrust losses.”

Scramjet combustors operate at temperatures in the 2000-
3000 K range and the combustion products are good radiators.
Radiation heat transfer predictions are necessary to determine
how much thermal protection must be used on the combustor
walls. This is especially important for airplanes, because they
must operate for long periods of time and over many takeoff
and landing cycles without engine refurbishment.

Large-scale ramjet/scramjet tests are being planned at NASA
Langley Research Center, focusing on developing the technol-
ogy necessary for air-breathing hypersonic vehicles.” Goals of
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Fig. 1 Schematic of a scramjet powered vehicle showing details
of the engine.

the test are to explore scale effects on combustor efficiency,
thrust, boundary-layer development, and drag within the engine.

The supersonic combustion ramjet (scramjet) is shown sche-
matically in Fig. 1. It uses a diffusive-type inlet to decelerate
the incoming air, and increase the air temperature and pressure.
Figure 1 shows the bow shock, the oblique shock waves in the
engine inlet, and the fuel injection. The lower aft surface of the
vehicle serves as the engine nozzle. The inlet oblique shock
waves lead to high combustion chamber temperatures and pres-
sures (2000-3000 K and 1-5 atm, respectively).4 For H, fuel
the combustion products are mainly H-O and OH. These gases
are strong radiation emitters at temperatures from 2000 to 3000
K. Consequently, radiative heating of the combustion chamber
walls may be important, not only because of high temperatures
and pressures, but also because of strong gas emission.

Liu and Tiwari’ investigated the radiative and conductive
heating of scramjet nozzle walls. They used an iteration pro-
cedure to solve the Navier-Stokes equations with a Monte
Carlo analysis to calculate the H-O radiation. The radiation cal-
culations were done using a narrow-band model for the H,O
spectra. Results are presented for several hydrogen-air equiv-
alence ratios, wall temperatures, inlet temperatures, and nozzle
sizes. In general, they show that radiative heating ranges from
20 to 50 W/cm?, which is 2- 10 times larger than the conductive
heating.

The objective of this research is to present a preliminary anal-
ysis of radiative heating on scramjet combustor walls. The spec-
tral variation of the gas radiative emission is accurately mod-
eled. The research is done with a simple, but representative
flowfield. The results of this research serve as an indication of
the importance of radiative heating in scramjet combustors.

Combustion Modeling

The computer code SPARK, developed at NASA Langley
Research Center, was used to make calculations of H,-air
combustion flowfields in scramjet combustor configurations at
Mach 14. SPARK is a compressible Navier- Stokes code in-
tended specifically for reacting flow problems. The code was
originally developed by Drummond et al.*” Explicit details of
the code structure, implementation, and accuracy are given in
Refs. 6-9. Additional scramjet combustor solutions at Mach
9.77 and 7.67 were obtained using a generic, cycle-code based
on the quasi-one-dimensional stream-tube theory (Refs. 10 and
11).

The chemistry model considered seven species (H,, Oz, N,
H-0, H, O, and OH), and seven reactions, which is consistent
with the system used by Singh et al.,* and a subset of the
system used by Drummond et al.” N, was assumed to be inert.
The forward chemical reaction rate is

k, = AT exp(—E/R,T) (D
The values of A [for k. = cm’(gmol-s) for two-body reactions,
cm(’/(gmolz-s) for three-body reactions], N (unitless), and E

(kJ/gmol) are given in Table 1. The reverse rate is

k, =k /Ko, (2)

Radiation Transport
Assume the combustor is a volume of radiating gas bounded
by plane walls as shown in Fig. 2. The gas is assumed to be
isothermal and to have constant properties. The general equa-
tion of transfer in the region is

U1 8.8 0 6 @) = Lw, T) 3)
dr,

where 7, = k,s, and where s is a function of 6 and ¢. The

medium is assumed to be nonscattering. The radiation intensity

at z = 0 for any x and y is of interest here, and so this equation

has the general solution'”

1,00, 0, ) = 1(7o,, 0, dPexp(—70,) + f’w I, Hexp(—1) dt
' 4)

where
Tow = KoSo (5

and s, is a function of 8 and ¢. s, represents the distance along
the intensity vector to the boundary. The first and second terms
on the right-hand side of Eq. (4) represent the radiation from
the wall at distance 7o, and from the gas, respectively.
Equation (4) must be integrated over the entire solid angle to
account for all of the radiation reaching a point on the wall at
z = 0. The solid angle is sin 8 d6 d¢, where 6 ranges from 0
to /2, and ¢ is the azimuthal angle and ranges from 0 to 2r:

F.(0) = f |:f 1.0, 8, ¢)cos @ sin @ d0:| d¢  (6)

This equation, when integrated over all wave numbers, gives
the radiative flux to the combustor walls

F(0) = f F.(0) dw )

The infrared radiation absorption coefficients for the com-
bustion gases are evaluated using the band model methods of

Table 1 Radiation rate data

Reaction A N E
H->+ O, = OH + OH 1.70 X 10" 0.0 201.5
H+O0,=0H+O0 1.42 x 10™ 0.0 68.60
OH + H,= HO + H 3.16 X 107 1.8 12.78
O +H,=OH +H 2.07 X 10™ 0.0 57.50
OH + OH =HLO + 0 5.50 X 102 0.0 29.30
H+OH+M=HO+M 221 X 10% -2 0.00
H+H+M=H,+M 6.53 X 107 -1 0.00
Injection
Port - 7
Z, te
i/|Y Fl t
Flow in ’ | o] owod
i X,y 2 X
“LYO 77]17},197 E -
(x,5,2)=(0,0,0) Xo

Fig.2 Schematic of a scramjet combustor, showing the radiation
geometry. View is from underneath the combustor, such that x =
length, y = height, and z = width.



NELSON 61

Ref. 13. References 13- 15 contain data for several diatomic
and triatomic combustion product molecules.

Molecular Band Modeling

Molecular band modeling is used to determine 7, for the
radiation calculations. This section follows the development
on pages 220 and 221 of Ref. 13. X, is given by

X, =[1 = (I/VCD)IXF ®)
The parameter CD; is the combined collisional and Doppler
optical depth. Since the combustor temperature is of the order
of 2000-3000 K, and the combustor pressure is of the order
of 5 atm, Doppler effects are not important. Consequently, CD,
is given by
CD, = [1 — (X,/X¥)1™ 9)
The optical depth in the weak line limit (Beer’s law optical
depth) is
X# = f K, du’ (10)
o

where u, is at standard temperature and pressure (STP)
u;, = Y.P(273/T)L 11

where L is the path length given by

L=V —x)+ (G —y)+@—2z)] (12)

The temperature ratio converts the data to STP. The absorption
coefficient k,,; of gas i is given by

Ko = (8/d),(273/T)Y.P, 1/cm (13)

where (S/d); is a function of @ and 7. It is tabulated for the
molecules of interest.”* Values of (S/d) are also available from
the SIRRM database."™'

The optical depth for a pure collision curve of growth is

1
Xci=X¥

T+ XrlGac))” (14

where ac; is the collision-broadened fine structure parameter:

1 (" (ve
ac”'zx_’* ) <%>’ K, du’ (15)

Values for d; are available from Refs. 13-15. The collision
half-width (1/cm) for gas i is given by

m; i
273\ 273
Y, = E (')’i.j)273YjP <T> + (')’i.i)z73YiP <T> (16)
J

where the broadening by gas j is contained in the i, j terms,
and the self-broadening is contained in the i, i terms. The val-
ues for v:,, i, M5 and m;,; are available (Ref. 13, Table 5.19,
p. 223), or from the SIRRM database.'*"

The total optical thickness 7., is

T, = E X, (17

and the Beer’s law optical thickness is

Th= D, X¥ (18)

Numerical Method

The radiative intensity from Eq. (4), assuming cold walls,
or that 1(7o,, 8, ¢) << Ix(w, T), becomes

1,00, 6, ¢) = Iw, T)[1 — exp(—To,)] (19)

at the combustor wall point located at x = x,,, y = y,, and z =
0. In this notation, x,, and y, are dropped for simplicity.

The radiative flux at a specific value of w is calculated by
integrating Eq. (6) over the angles 8 and ¢ using finite differ-
ences. The step-sizes are A8 = 90/(i,, — 1) and A¢ = 360/
(jm — 1). Also the average value of 8 for the step from i to i
+ 1is 6 = 6, + AG/2. The integral over 8 is from 0 = 6 =
77/2, because there is no contribution to the radiation for 7/2
= 0 = 7 when z, = 0. First, the solid angle integral is done
over 6 at a fixed value of ¢(¢)), such that

[1.40, d)ja 6) + 1,00, d)ja 8:+1)]cos 6 sin GA6
(20)

N | =

FAO d)= >
i=1

Next, the integration is done on ¢

Fi0) = D) = [F.(0, §) + F.(0, 4,018 (21)

N | =

The total flux at z = 0 is obtained by evaluating Eq. (21) at
each w of interest (wy, for k = 1, k,,) and then summing over
w, such that

[F.(0) + F,_ (0)]Aw (22)

Opet 1

Ky
FO) =,
k=1

N =

The step sizes used in the numerical calculations were A6 =
A¢ = 2 deg. In other words i,,= 46 and j,,= 181. The spectral
database contained data every 20 1/cm from 400 to 5000 1/
cm (wavelengths from 2 to 25 pm). Thus, Aw = 20 1/cm, so
k, = 231, and in Eq. (22) w, = 400, w, = 420, etc.

Radiation Predictions

Calculations have been made to evaluate scramjet radiative
heating for H,-air combustion. SPARK solutions for a three-
dimensional, full-scale, scramjet combustor at a flight Mach
number of 14 with film cooling were one dimensionalized for
this radiation analysis. In addition, a one-dimensional cycle-
code was used to obtain solutions for a missile configuration,
scramjet combustor at flight Mach numbers of 9.77 and 7.67.
Two cases are presented for M, = 7.67; case a for ¢ = 0.675
and case b for ¢ = 0.351. The combustor geometry was as-
sumed to be rectangular and the wall temperatures were 1100
K for the Mach 14 case and 1000 K for the other cases. The
parameters that describe the combustor flow, given in Table 2,
were obtained from calculations in Refs. 10 and 11. The ther-
modynamic conditions and composition vary along the com-
bustor, thus, the values given in Table 2, and used in the anal-
ysis, are average values and are representative of the entire
combustor. In other words, the combustors were assumed to
have constant properties as listed in Table 2. All of the com-
bustors are multiples of 6.65 cm wide. Note that the Mach 14
combustor is much larger than the others.

Convective Heating

A simple estimate of the convective heat transfer rate con-
sists of writing

G = Stpevo(haw — h) =~ Stpw a2 (23)
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Table 2 Scramjet flowfields

Mach number

Parameter 14 9.77 7.67(a) 7.67(b)
Po atm 0.0072  0.01 0.01 0.01
To K 232 200 200 200
po kg/m? 0.011  0.017 0.076  0.076
Vo m/s 4274 2800 2200 2200
py /2, Wiem® 43,020 19,120 9274 9274
Xo cm 100 20 20 20
Yo cm 17.7 3 4.76 4.76
¢ 1.5 1.0 0.695 0.351
T, K 2924 3091 2715 1956
P, atm 4.69 8.77 5.68 2.86
p, kg/m® 0393 0811 0.637 0.478
Yuo 0.205 0.269 0.204 0.110
Yar 0.020 0.029 0.020 0.015
Yo 0.005 0.003 0.003  0.001
Y 0.190 0.044 0.035 0.017
Yo 0.025 0.014 0.064 0.128
Yer 0.028 0.016 0.002  0.002
Yy 0.528 0.624 0.672 0.728

M, kg/kmol 20.16 2342 2500 26.78

Injection
Ramps

m=m>  |17.7 cm

Flow \l‘
=
{‘Il

v

100 cm
Side View

H Cross-section

17.7 cm
Flow out of paper

6.65cm 6.65 cm

Fig. 3 Schematic of side view and cross-sectional view of a Mach
14, full-scale, scramjet combustor. The injector pattern repeats
every 6.65 cm.

where the enthalpy difference is approximated as the free-
stream kinetic energy. Values of pov3/2 are given in Table 2.
The Stanton number is a function of many parameters, includ-
ing Reynolds number, Prandtl number, wall catalytic proper-
ties, turbulence, and the ratio of wall-to-gas temperature. Thus,
to estimate the convective heat transfer, the Stanton number is
assumed to be 0.01.'° This gives representative convective heat
transfer rates of 430, 191, and 93 W/cm? for the M, = 14,
9.77, and 7.67 cases, respectively. Values for the convective
heat transfer rate for real scramjet combustors are hard to find
in the open literature. The heat transfer rate is usually given
normalized by a reference value, but the reference value is not
given, because much of the data on real systems are classi-
fied."”'® Consequently, the estimated convective heat transfer
rates given previously will be used to compare with the radi-
ative heat transfer rates in this article.
Mach 14

For the M, = 14 case, the average combustor Mach number
was 2.756, corresponding to a velocity of 3397 m/s. The full-
scale combustion chamber is shown schematically in Fig. 3.
Radiation was calculated at the center of the 100-cm wall (x,,
¥p and z, = 50, 8.85, and 0 cm, respectively). The radiative
flux was evaluated for three values of combustor width, z, =
6.65, 13.3, and 26.6 cm, respectively, to account for multiple
sets of injectors. The radiating species were H,O and OH.

Figure 4 shows the optical depth across the combustor (7,
= K,Zo) as a function of w for three z, values. The maximum
optical depth occurs at @ = 600 1/cm and it is large enough
so that self-absorption is important. The values of z, = 13.3
and 26.6 cm can be thought of as distances along different
angular directions, or as widths of larger combustors.

Figure 5 shows the spectral radiative flux as a function of
w. The maximum emission occurs in the 2.7-um band of H,O
and OH at approximately 3300 1/cm. Both gases have bands
at this w. The blackbody spectral flux for 7= 2924 K is shown
for reference.

Figure 6 shows the accumulative radiative flux from 0 to w
as a function of w. For instance, for zo = 6.65 cm, the total
flux is 12.5 W/cm? for @ less than 5000 1/cm. Likewise, it is
5 W/cm® for @ below 3000 1/cm. Also, the blackbody curve
represents the accumulative blackbody flux from 0 to w. This
curve quickly goes off scale. The magnitude of radiative heat-
ing ranges from 12.5 to 23.4 W/cm® for the z, considered.
These magnitudes of radiative heating are significant and will
require some thermal protection.

Mach 9.77

For the one-dimensionalized M, = 9.77 case, the inlet Mach
number was 4.012. The thermodynamic conditions and com-
position are given in Table 2. The major difference between
this case and the M, = 14 case is the roughly doubling of the
combustor pressure. Figure 1 shows a schematic of the scram-
jet-powered vehicle and its combustor. The inlet geometry is
such that the oblique shocks are canceled at the combustor

75 \ ‘ :
SCRAMJET COMBUSTOR
M, =14
<
T sof ]
o
[81)
()
o |
<
3
T
O 25} |
13.3
6.65 m
0.0 L

L
0 1000 2000 3000 4000 5000
WAVENUMBER, 1/cm

Fig. 4 Mach 14 scramjet combustor optical depth across width
of combustor (.2, as a function of @.

0.015 e ,
SCRAMJET z,=26.6cm
§ ootof 13.3 i
o Blackbody
5 T=2924K
=
£ 0.005}
L
6.65
0-0005 1000 2000 3000 4000 5000

WAVENUMBER, 1/em

Fig. 5 Mach 14 scramjet combustor radiation flux as a function
of w.
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25.0 M0= 4 T T - T
SCRAMJET z,=26.6cm
200} ]
< 150} Blackbody ]
8 T=2024K 133
=
s 100} 665
g
5.0+ ]
0-0 L L 1 1
0 1000 2000 3000 4000 5000

WAVENUMBER, 1/cm

Fig. 6 Mach 14 accumulative combustor radiation flux from w
= 0 to w as a function of w.

20. .
00 M, =9.77
SCRAMJET
15.01
< Blackbody
S T=3091K
s 10.0} -
S
g
50} ]
00 L L L L
0 1000 2000 3000 4000 5000

WAVENUMBER, 1/cm

Fig. 7 Mach 9.77 combustor accumulative radiation flux from w
= 0 to w as a function of w.

entrance. The radiation calculations are for the point at (x,, y,,
z,) = (10, 1.5, 0). The optical depth is about twice as large as
the optical depth for the M, = 14 case because of the doubling
of the pressure. Self-absorption is important near 600 1/cm.

Figure 7 shows the integrated radiative flux from 0 to @ as
a function of w. At zo = 6.65 cm, the total flux is 14 W/cm?
for w less than 5000 1/cm. Likewise, it is about 6.5 W/cm? for
w below 3000 1/cm. The large increase between 3000-4000
1/cm is caused by the emission from the 2.7-pm band of H,O
and OH. The magnitude of radiative heating ranges from 14
to 16.7 W/cm® for this analysis. Radiative heating is significant
and will require some thermal protection.

Mach 7.67(a), ¢ = 0.695

For the My, = 7.67 case the inlet Mach number was 3.497.
Pressure and the mole fractions for this case are about the same
as they were for the M, = 14 case; however, T is 7% lower
because of the lower ¢. The exit Mach number was 1.12. The
radiation calculations are for the point at (x,, y,, z,) = (10,
2.38, 0).

Figure 8 shows the accumulative radiative flux from 0 to w
as a function of w. For z, = 6.65 cm, the total flux is about 8
W/cm® for  less than 5000 1/cm and about 3 W/cm” for w
below 3000 1/cm. The radiative heating is significant and will
require some thermal protection.

Mach 7.67(b), ¢ = 0.351

For this M, = 7.67 case the inlet Mach number was 3.497
and the exit Mach number was 1.78. This case differs from

120 T T T

SCRAMJET
M =7.67 z = 26.6 cm
0 =0.695

. 80F

e

L

§~ Blackbody

= T=2715K

[T 40 = ]

0.0

L L L
2000 3000 4000 5000

WAVENUMBER, 1/cm

L
0 1000

Fig. 8 Mach 7.67(a) scramjet combustor accumulative radiation
flux from w = 0 to w as a function of w.

25 1 .
Blackbody
sok T=1956 K
c 15}
S
=
S 1.0}
g
051 SCRAMUET
M, =7.67
¢=0.351
o.oo 1000 2000 3000 4000 5000

WAVENUMBER, 1/cm

Fig. 9 Mach 7.67(b) scramjet combustor accumulative radiation
flux from w = 0 to w as a function of w.

the previous one because of its lower ¢ value; it is more fuel-
lean. Yu,0, You, T, and P are all much lower than they were
for the other cases. The thermodynamic conditions and com-
position are listed in Table 2. The calculations are for the point
at (x,, ¥, z,) = (10, 2.38, 0).

Figure 9 shows the integrated radiative flux from O to w as
a function of w. For z, = 6.65 cm, the total flux is about 1.6
W/cm® for o less than 5000 1/cm. The magnitude of radiative
heating ranges from 1.6 to 2.1 W/cm® for this case, and is
much less than it was for the ¢ = 0.695 case because of lower
temperature and lower Yy The radiative heating is not sig-
nificant for this case.

Table 3 summarizes the radiative flux that reaches the mid-
point of the z = 0 wall of the combustors. The predicted ra-
diative flux values are in general agreement with the gas tur-
bine combustor radiation measurements of Rosfjord."” The
radiative heating is important for values above 10 W/cm?; thus,
some thermal protection will be necessary for scramjet com-
bustors used in hypersonic aircraft, where many long flights
occur between inspections. These radiation fluxes should be
compared to the estimated convective heat transfer rates dis-
cussed earlier, which were 430, 191, and 93 W/cm” for the M,
=14, 9.77, and 7.67 cases, respectively. The radiative heating
is of the order of 10% of the total heating.

This study shows that radiative flux can be significant. Con-
sidering additional bands and gases (like NO) will increase the
radiation. Its magnitude can reach 10-25 W/cm?, which, when
combined with the convective heating of the order of 100-
400 W/cm®, will require additional thermal insulation to pro-
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Table 3 Scramjet radiation flux, W/cm?

Mach

number Zo= 6.65 zo= 13.30 Zo= 26.60
14 12.54 18.28 23.40
9.77 13.96 15.83 16.71
7.67(a) 8.31 9.87 10.69
7.67(b) 1.61 1.94 2.13

tect the wall. The radiation heating is about 10% of the con-
vective heating. The predicted radiative flux magnitudes gen-
erally agree with those predicted by Liu and Tiwari.” It is
necessary to keep the wall temperatures on the order of 1000
K because of the material properties, and so radiative heating
appears to be an important problem and needs further inves-
tigation.

The maximum combustor width considered in this study is
26.6 cm. This dimension is smaller than some of the current
engine designs and test rigs. For larger widths the radiative
heating will increase, owing to larger optical depths. For wide
combustors it may be necessary to use splitter plates to isolate
a bank of injector modules to control the magnitude of the
radiative heating.

Conclusions

A simple, preliminary analysis of the radiative transfer in
scramjet combustors has been presented. The radiation emis-
sion from H-O and OH molecules in the flow was calculated.
If other gases are considered, the radiation heating will in-
crease. Realistic thermal environments were considered. The
radiative heating is significant for full-scale combustors. It is
about 10% of the convective heating. The combustor walls will
require heat-shielding liners to withstand the heat loads, es-
pecially for airplane applications. Larger combustors will have
larger radiative heating.
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