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Abstract-A steady state model of the temperature regime of airships and hot air balloons shells is 
developed. The model includes three governing equations : the equation of the temperature field of airships 
or balloons shell, the integral equation for the radiative fluxes on the internal surface of the shell, and the 
integral equation for the natural convective heat exchange between the shell and the internal gas. In the 
model the following radiative Auxes on the shell external surface are considered : the direct and the earth 
reflected solar radiation, the diffuse solar radiation, the infrared radiation of the earth surface and that of 
the atmosphere. For the calcuiations of the infrared external radiation the model of the plane layer of the 
atmosphere is used. The convective heat transfer on the external surface of the shell is considered for the 
cases of the forced and the natural convection. To solve the mentioned set of the equations the numerical 
iterative procedure is developed. The model and the numerical procedure are used for the simulation study 

of the tempe~ture fields of an airship shell under the forced and the natural convective heat transfer. 

1. INTRODUCTION 

THE DEVELOPMENT of airships and hot air balloons 

needs the calculations of the temperature fields of 
the shell and the internal gas for the purpose of the 
predesign dete~ination of the thermal operating con- 
ditions. The model, allowing the evaluation of the 
average temperatures of the shell and the internal gas 
of hot air balloons was developed in ref. [l]. The 
model of ref. [l] includes the integral radiative and 
convective heat transfer fluxes and does not obtain 
the temperature field of the shell. 

This paper is devoted to the developing of the steady 
state heat exchange mode1 of the airships and the hot 
air balloons which includes surface distributions of 
the radiative and convective heat transfers factors and 
allows the calculation of the temperature field of the 
shell and the average temperature of the internal gas. 
For this purpose the following radiative fluxes are 
taken into account : the direct and the earth reflected 
solar radiation, the diffuse solar radiation, the infra 
red radiation of the earth surface and that of the 
atmosphere. For the calculations of the infrared exter- 
nal radiation the model of the plane layer of the atmo- 
sphere is used. The convective heat transfer on the 
external surface of the shell of the airship is considered 
for the cases of the forced and natural convection. 
The distribution of the forced convection heat transfer 
coefficient on the external surface of the airship shell 
is calculated in the approximation of the boundary 
layer theory. The distribution of the natural con- 
vection heat transfer coefficient on the external surface 
of the airship shell is calculated by means of the natu- 
ral convection criterion dependence for the local 
Nusselt number from the horizontal cylinders. The 
evaluation of the internal heat transfer coefficient 

inside the shell is obtained from the natural convection 
criterion dependence for the Nusselt number in the 
horizontal cylinders. 

This model is of practical interest for airship and 
hot air balloon shell design if the upper or lower 
operating limits for the temperature of the shell 
material take place. Besides, the average temperature 
of the internal gas determines the lifting force and 
must be known for the prcdesign evaluations of the 
altitude control means of apparatus. 

2. FORMULATION OF THE STEADY STATE 

MODEL 

The temperature fields of the airships and of the 
hot air balloons are determined by the radiative and 
convective heat exchange factors (Fig. 1). The 
incoming energy includes the solar and the infrared 
radiations fluxes. The heat removal is determined by 
the convective and radiative heat transfer. The shells 
of the airships and hot air balloons can be considered 
as thermally thin bodies because the shells’ cross- 
sectional Biot number is small : 

& = ?I +K?P << , .--- 
k 

where 6 is the shell thickness, K, and h; are the mean 
values of the convective heat transfer coefficients for 
the external and internal surfaces of the shell and k is 
the conductivity of the shell. 

This condition allows one to neglect the cross-sec- 
tional second-order temperature derivative and to 
present the surface heat exchange conditions in the 
form of the distributions of heat sources in the tem- 
perature field equation. 
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NOMENCLATURE 

distance between the radiation 
reception and emitting points [m] 
spectral infrared atmosphere 

absorptivity [m ‘1 

total solar spectrum shell external surface 

absorptivity 
Biot number 
spccihc heat of the internal gas [J kg ’ K ‘f 
specific heat of the shell [J kg ’ K ‘J 
earth surface albedo 

reduced diameter of the shell [m] 
sun direction vector 

earth direction vector 
radiosity flux intensity [Wt rn-- ‘1 

spectral intensity of the black body 

radiation [Wt m ‘1 
reflected infrared monochromatic 

radiation flux of the earth surface 

[Wtm ‘1 
incident infrared monochromatic 

radiation flux from the atmosphere on 

the earth surface level [Wt m -‘I 
solar radiation flux intensity [wt rn- ?] 

angle factor between the shell point and 

the earth surface 
angle factor between the element and the 

earth surface 

h 

F _ elements angles factors nm ,I II’ 
.gravitational constant [m s- ‘1 
altitude coordinate [m] 

total average heat transfer coefficient 

[Wtm ‘1 
limits of the altitude integrating in 

RTE [m] 
external convective heat transfer 
coefficient [Wt m ‘K- ‘1 
internal convective heat transfer 

coefficient [Wt m ’ K ‘1 
meanvalueofh, (Wtm--‘K-‘1 
meanvalueofh2 [Wtm- ‘K-‘1 
altitude of the drift [m] 
conductance [Wt m ~ ’ K _ ‘1 
conductance of the internal gas 

rjvtm 1 
-‘K-l 

circumferential length [m] 
characteristic length of the shell [m] 
conductive length of the shell [m] 
earth surface normal vector 
external and internal shell normal 

vectors 
average Nusselt number 
local Nusselt number 
Prandtl number of the air 
heat flux intensity on the shell surface 
[Wt m-l] 

internal heat source power [Wt] 

local Rayleigh number 
radial coordinate of the shell surface [in] 
area of the heat cxchangc surface of the 

shell [m2] 
area of the shell elcmcnt surface [m’] 

time of the heat exchange conditions 

changes [s] 
thermal time constant of the internal gas 

isI 
thermal time constant of the shell [s] 

temperature of the shell [K] 

ambient temperature [K] 
temperature of the earth surface [K] 
average temperature of the internal gas 

[Kl 
elements temperatures [K] 
reduced ambient temperature [K] 
difference between the average shell 

temperature and the temperature of 
the air or the internal gas 

motion speed of the airship [m s- ‘1 
internal volume of the shell [m’] 

direction vectors 

vector opposite to 0 
x v - ? V 5 Cartesian coordinates t_ Y-f’,. 7 
A.?@ axial coordinate difference of the shell [mJ. 

Greek symbols 
angle between the shell surface external 
vector and the vertical direction 

polar coordinate 
air thermal expansion coefficient [K ‘1 
thickness of the shell [m] 

polar coordinate difference of the shell [m] 
infrared radiation interval [m] 

emissivities of the external and internal 
surfaces of shell 
earth surface spectral emissivity 

sun direction angles 
proportionality coefficient between the 
solar direct and diffuse radiation 

wavelength [m] 
kinematic viscosity of the air [m’s ‘1 
internal gas density [kg m- ‘1 

shell density [kg m” ‘1 
Stefan’s constant 
spherical coordinates 
hemispherical solid angle [sr] 
solid angle of earth view from the shell 

point [sr]. 

Subscripts 
i radiative fluxes index 

n, m elements number indices. 
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FIG. 1. The scheme for the heat exchange model of the 
airships and hot air balloons. 

The conductive length I& of the airships or hot air 
balloons shells is much smaller than the characteristic 
dimension of the shell L : 

L L(I;, +K*)‘/* >> 1 -. = ___._.~ 
L (dk) I/* . (2) 

This allows one. as shown in ref. [Z], to neglect the 
conductive heat transfer through the cross-section of 
the shell and the longitudinal second-order derivatives 
of the temperature in the model. 

The characteristic time of the changes of the heat 
exchange conditions At, assumed to be much larger 
than the thermal time constants of the shell Atsh : 

At, >> At,,, = af,,c, 
fz, +h; 

and that of the internal gas Ar, : 

At,, >> Atg = = 
ST, 

where V is the internal gas volume, S is the heat 
transfer area of the shell surface, pshr pp are the sheli 
and the internal gas densities, respectively, C5,,, 
C, are the sheit and the internal gas specific heats, 
respectively. These conditions allow one to neglect the 
time derivatives of the temperature in the heat transfer 
model. 

Taking into account the assumptions (l)-(4) and 
using Lambert’s law for the emissivity, the tem- 
perature field model of the shell can be given by the 
following equation : 

where E, and s2 are the external and the internal emiss- 
ivities of the shell, respectively, Qi are the heat 
fluxes distributions associated with the absorption of 
the radiation by the external surface of the shell, n2 is 
the internal normai vector, w is the vector of the 
direction, E&w) is the radiosity intensity of the inter- 
nal surface of the shell in the direction of o and fz is 
the hemispherical solid angle. 

The radiosity intensity distribution on the internal 
surface of the shell is described by the integral equa- 
tion : 

E,,(w) = .~,crT~(o) 

where T(W) is the shell temperature in the point of the 
shell in the direction of vector w, o’ is the direction 
vector over which the integration of radiosity is made 
for the point of the shell in the direction of o (Fig. 1). 

The average temperature of the internal gas is deter- 
mined by the integral equation : 

ss 
d’S&(T- Tg) = -Q, 

s 
(7) 

where Q, is the power of the internal heat source for 
the altitude control mean. 

The set of the equations (5)-(7) describes the tem- 
perature field of the shell and the temperature of the 
internal gas which depend on the radiative fluxes and 
the convective heat transfer distributions on the sur- 
faces. 

3. RADIATIVE FLUXES MODELS 

The distribution of the total heat flux C Qi, included 
in equation (S), is determined by the radiative fluxes 
on the external surface of the shell: the direct solar 
radiation, the earth reflected solar radiation, the 
diffuse solar radiation, the infrared radiation of the 
earth surface and that of the atmosphere. 

3.1. Direct solar radiation 

The heat flux associated with the absorption of the 
direct solar radiation is given by : 

Q, = AsEd(e,n,))+ (8) 

where E, is the direct iolar flux which can be evaluated 
from the semi-empirical correlations, given in ref. [3], 
or from the solution of the radiation transfer 
equation, as was reported in ref. [4], (e, n,) is the 
scalar product of the sun direction vector e and the 
external normal vector 



i v. \’ 3 0 
n,. {VI - ‘i 0. I’ < 0 

is the function which takes into account the self- 
si~~~~~in~ d the shell from the direct soIar radiation 

and ‘4s is the total solar spectrum ~~bsol-ptivity of the 
external surface of the shell. 

3.2. D#iis~ solur rudiation 

The heat flux associated with the absorption of the 

diffuse solar radiation can be given in the following 
form : 

Q2 = AmE<, (91 

where K is the proportionality coefficient which is known 
from semi-empirical correlations, given in ref. [3]. 

3.3. Earth wjkcted solar rudiution 

In the approximation which is used in this paper it 

is assumed that the earth reflected radiation is not 
diminished considerably by the atmosphere absorp- 
tion and the scattering along the path from the earth 

surface to the she11 after reflection. Besides, the refiec- 
tion from the earth surface is assumed to be isotropic. 

Taking into account the above mentioned assump- 

tions it is possible to present the absorbed heat flux 

associated with the earth reflected solar radiation by 
the following expression : 

Q3 = 4AsMe, n,) dF, rh (10) 
where de is the earth albedo, n, is the earth surface 
normal vector, (e, 4) is the scalar product of the sun 

direction vector and the earth surface normal vector, 
dF, sh is the angle factor between the shell point and 

the earth surface which is determined by the following 

expression : 

I 
dF, + = ~ 

s = $1, 
d%(w,n,) (11) 

where C& is the solid angle of the earth surface view 
from the point of the shell surface. 

For the analytical evaluation of the angle factor let 

us introduce the local coordinate system the origin of 

(a) 

which is in the point of the shell surface as is shown in 
Fig. 2(a). The positive direction of the :-axis coincides 
with the shell external normal direction. The J,-axis 
resides on the intersection of the shell’s tangent plant 
with the horizontal plane. The u-axis is perpcndi~~i~al 
to the plane ~0.r. The angle q gives the angle deviation 
of the direction vector w from the plane .rOr and 4’/ is 

the circumferential angle. 

Assuming the earth surface to be plane and intinitc, 

let us consider the case when the angle between the I- 
axis and the vertical, shown in Fig. 2 as CI. is within 
the interval 0 < x < x,/2. For this case it is evident that 

the solid angle of the earth surface view conforms to 
the surface of the unit sphere between the .uU_r plane 

and the horizontal plane, as shown in Fig. 2(b). Using 

the coordinates for the vectors : 

w = /coscpcos~.cosfpsinrl/,siny,j, n, = 10,O. I] 

(12) 

the common expression for the differential of the solid 
angle : 

d’Q = cosqdrpdt// (13) 

and taking into account the symmetry respectively the 
plane ZOX one can obtain the following expression for 

the angle factor: 

1 = ._ T( ,:’ ’ dJ/ sin’(rp,,,(ilr)) 
s 

(14) 

where o),,,~~($) is the dependence of the upper limit of 
the integration over the angle cp on the angle $. 

The point on the unit semi-sphere surface, con- 
forming to the upper limit of the integration over q is 

determined by the intersection of the unit sphere : 

.y’+_g+“? zz 1 

with the horizontal plane : 

u3 

(b) I 

FIG. 2. The system of the local coordinates on the shell external surface (a) and the unit sphere (1) and 
the horizontal plane scheme (2) for the evaluation of the angle factor between the point of the shell and 

the earth surface (b). 
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z=xtgcc (16) 

and with the plane, conforming to the coordinate 

* = const : 

y=xtg$. (17) 

The solution of the set of the equations (15)-(17) 
allows one to obtain the coordinates of this point. 
Using the z-coordinate of the intersection : 

z= tgcc(l+tg*sc+tg*$))“* (18) 

one can straightforwardly obtain the expression for 
the upper limit of the integration over the coordinate 

cp: 

tga 
cp,,,(ti) = arcsin = arcsin(l+tg1a+tg2$),li. 

(19) 

Substituting (19) in (14) and performing the 
integration over $ one obtains : 

dF,,,, =0.5-0.5(l+tg2a))“2 O<cc<n/2. (20) 

Using the geometrical symmetry and the property 
for the sum of the angle factors it is possible to show 
that for the angles within the interval 71/2 < M < A the 
angle factor is given as : 

dFc ,h = 0.5+0.5(1+tg2cc)-“* n/2dcc<7c. (21) 

Thus, the angle factor for the shell point and the earth 
surface in the general case can be given by : 

dF, \h = 0.5 

-0.5(l+tg2cc)-“2, 0 < t( < a/2 
+ 

0.5(1 +tg’ (V_Co))‘r?, n/2 < CI < n. (22) 

3.4. Infrared radiation 
Using again the above introduced system of the 

spherical coordinates it is possible to obtain the 
following expression for the numerical calculation of 
the absorbed heat flux, associated with the infrared 
radiation : 

Q4 = E, *‘dll, 
s s 

“2drpcos~sincp 
s 

dil, (q, $) 
0 0 a 

(23) 

where AI,, is the infrared radiation wavelength interval. 
Neglecting the atmosphere scattering and using the 

model of the plane layer [5], the monochromatic inten- 
sity of the incident radiation can be given by the 
integral form of the radiation transfer equation : 

(24) 

where E,,(h) is the spectral intensity of the black body 
radiation, (0, e,) is the scalar product of the direction 

vector w and the vector of earth direction e, which is 
given by the expression : 

(w, e,) = cos rp cos $ sin c( -sin cp cos E, (25) 

and h is the altitude from the earth surface. The limits 
of the integration over h are given by : 

h; = H (26) 

where His the altitude of the airship or hot air balloon 
drift. 

The value of the intensity I,n(cp,II/) on the earth 
surface, limiting the integration region in the case 
(w, e,) > 0, and on the infinity in the case (w, e,) < 0 
can be presented by the expression : 

where E,, = E~EJTJ is the spectral intensity of the 
earth surface radiation, determined by the earth 
temperature r, in accordance with Planck’s black 
body radiation law and by the earth surface spectral 
emissivity E*, E,* is the monochromatic flux of the 
downcoming infrared radiation from the above laying 
atmosphere at the earth surface level [6]. 

The altitude distributions of the monochromatic 
atmospheric absorptance and the atmospheric tem- 
perature which determine the infrared atmospheric 
emittance, used in this model, are assumed as known 
(e.g. from ref. [6]). 

4. NUMERICAL APPROXIMATION AND 

ITERATIVE ALGORITHM 

4.1. Numerical approximation 
For the solution of the problem let us introduce the 

system of the coordinates whose centre coincides with 
the centre of the airship (Fig. 3). The f-axis is directed 
to the bow of the airship and coincides with the axis 
of the cylindrical symmetry of the shell. The x-axis is 
directed vertically. The y-axis is directed horizontally, 
as shown in Fig. 3. The temperature of the shell can 
be considered in the two-dimensional cylindrical sys- 
tem of the coordinates, presented by the Z-axis and by 
the angle fl, counted from the negative direction of 
the y-axis. The sun position is given by the two angles. 
The angle 9 gives the deviation of the vector e from 
the horizontal plane .ZOy and the angle y presents the 
deviation of the e-projection on the JZO~ plane from 
the y-axis. Hence, the sun direction vector e is given 
by the coordinates as follows : 

e = {sin 9, cos 9 cos 7, cos 9 sin y} (28) 

The shell surface is given by the dependence 
K = R(f) which is assumed to be known. 

For the approximation of the problem let us intro- 
duce the finite elements of the shell AS,, 
(n= l,..., N; m= l,... , M). The boundary coor- 
dinates of the elements are given by Z, (n = 0,. . , N) 



FIG. 3. The scheme for the approximation of the problem 

and /Im (WI = 0,. , M). For any element, the tem- 
perature T,, and the convective heat exchange co- 

efficients h ,nm and h Znm are assumed to be constant. 
Performing the integration of the equations (5) and 

(6) over the element surface AS,, and using for the 
integral (7) the sum over the shell surface, one can 
obtain the following approximation of the problem : 

II,,,,(T,,-T,)+~,,,(T,,-T,) 

+~,Ctn+wT:tw = ,i, &m 

f&2 2 : &rn,,iFr~~m~-.m (29) 
n’=,m’=, 

E,.fn,,,, = ~~aT&,,+(l -c2) 2 f Eefn,,n,,,Fn,,m,,~n,m, 
,,“1 , m”L , 

(30) 

i: f kn(Tmm-Tg) = -Qv (31) 
n=,m=, 

where the values of the elements areas are expressed 
through the coordinates /I, Z and the known depen- 

dence R(f) as 

Ir 
m+’ AS,,, = 

s s 

C+ I 
R@(l +(dR/d@)” djdz. (32) 

8, 5, 

The average values of the heat fluxes associated 
with the radiation on the shell elements are given by 
the following expressions. 

(i) For the direct solar radiation 

x (1 +(dR/dZ)2)‘/2((e,n,)}f d/?d? (33) 

where the vector of external normal n, is given by 

(ii) For the diffuse solar radiation 

eZn,,, = AXE,,. (35) 

(iii) For the earth reflected solar radiation 

QTnm = A~~,&(e,nX ,zm (36) 

where the earth-element angle factor is given by 

x R(?)(l +(dR/d2)2)‘1’d/Idz (37) 

where the angle CI between the external normal vector 

n, and the vertical Z-direction is expressed by : 

cos /I 
’ = arccoS (1 + (dmj) 2)1:1’ (38) 

(iv) For the infrared radiation 

x (I+ (dR/dZ)2) ‘1’ d/I dz. (39) 

4.2. Elements angkjhctors 
The elements angle factors, introduced in cqua- 

tions (29) and (30), are determined by the following 
integrals : 

(40) 

Let us obtain the angle factors values using the 
above introduced system of the coordinates /I and 5. 
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The differential of solid angle d2Q is expressed 
through the differential of the surface area d’s’ as : 

d2R = 
(o*, n;) dS’ 

a2 
(41) 

where n; is the vector of the internal normal in the 
point of intersection of the w direction with the 

elements AS,,.,., w* is the vector opposite to w, and a 
is the distance between the reception point A on the 
element AS,, and the emitting point A’ on the element 

AS,,,. (Fig. 3). 
Expressing all values in (40) and (41) through the 

coordinates /I and Z one can obtain the following 

expression : 

where 

x R(Z)(l +(dR/d~)2)“2R(z’) 

x (1 + (dR/di’) ‘) “’ db d.?dB’dz’ (42) 

a2 = (R(f)cosp-R(i’)cos/Y)* 

+(R(?)sinb-R(f’)sinp’)*+(Z-Y)*. (43) 

The vectors n,, n2, w have the coordinates, respectively 

w = k{R(i’)cos/?-R(?)cos/?,R(?)sinjY 

-R(f) sin j, Z’ -Z} (44) 

1 
n2 = (1 + (dR,df) 2~ ( - cos P, -sin B, dRld2) 

(45) 

1 

“’ = (1 +(dR/dz’)‘)‘i’ 
{ -cos p, -sin p, dR/dZ) 

(46) 

where /I, Z are the coordinates of the reception point 

A and /I’, Z’ are the coordinates of the emitting point 
A’. 

4.3. Numerical algorithm 
For the solution of equations (29)-(31) the fol- 

lowing numerical iterative algorithm is used. 

(1) Introducing the initial data. Computation of 
the average values of the convective heat transfer co- 

efficients h ,nm, of the heat fluxes on the elements 
surface Qlnrn, ~~~~: eTnrn, e4”,,,, associated with radi- 
ation fluxes. 

(2) Computation of the angle factors for the finite 
elements of the shell F nm n’m’ _ 

(3) Introducing the initial approximation for the 
value of average temperature of the internal gas Tg. 

(4) Introducing the initial approximation for the 
internal radiosities of the shell elements Eef,,,,~,,+,,, = 0. 

(5) The iterative calculation of the elements tem- 
peratures T,,, by the Newton-Raphson technique [7]. 

(6) The solution of the set of the linear equations 

for the elements radiosities using the temperature 

values obtained in step (5). 

(7) The return to step (5) till the convergence of the 

temperature values. 
(8) The calculation of the average temperature of 

the internal gas from equation (31). 
(9) The return to step (4) till the convergence of 

the average temperature of the internal gas. 

5. TEMPERATURE REGIMES OF THE AIRSHIP 

The above described model and the iterative pro- 

cedure were used for the modelling of the temperature 
fields in the shell of the airship whose surface was 

approximated by the spheroid. The ratio of the spher- 
oid big axis to the small one for the studied geometry 

case was chosen to be equal to 4. 

5.1. Convective heat transfer coefficients evaluations 
In Figs. 4(a) and (b) the calculated distributions 

of the external heat transfer coefficients are shown. 

Figure 4(a) shows the longitudinal distribution of the 

heat transfer coefficient under the forced convection 
for different values of the airship speed. For the cal- 

culation the model of the axially symmetric non-com- 

pressible airflow was used because the Mach number 
is assumed to be much smaller than unity [8] for 
the simulated operational conditions. For the energy 

transfer equation the isothermal boundary condition 
was used. The influence of the temperature non-uni- 

formity in the shell on the convective heat transfer 
distribution was neglected. The distribution of the 
pressure along the dynamic boundary layer was taken 

from ref. [S]. The numerical solution of the dynamic 
and temperature boundary layers was carried out 

using the code of Patankar and Spalding [9]. 
As can be seen in Fig. 4(a), the heat transfer co- 

efficient has the maximum in the bow of the airship 
and is diminishing in the region where the pressure 

gradient decreases. After the region of the fast decreas- 
ing the region of the monotonous decreasing of the 
convective heat transfer takes place. In the stern of the 

airship there is another region of the fast decreasing in 
the distribution of h,, where the increase of the ther- 
mal resistivity of the temperature boundary layer 

takes place due to the intensive growth of the dynamic 
boundary layer. 

Figure 4(b) shows the circumferential distribution 

of the heat transfer coefficient under the natural con- 
vection for the different values of the temperature 
difference between the average shell temperature and 
the airflow temperature. This distribution was cal- 

culated using the dependence for the laminar and 
turbulent natural convection of the horizontal cylin- 
ders, developed in ref. [lo] by Raithby and Hollands 

Nu, = C,A(/?)RaP 33 (47) 

where A(/?) = 0.7l(cos /I)“-” for B = -90” to 19” 
and ,4(/I) = (sin 8)“.” for /I = 19”-90”, C, = min 
(0.14 Praqog7, 0.15) Prai = pL,,p,,c,,/k,; is the Prandtl 
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FIG. 4. Convective heat transfer coefficient on the external surface of the shell: (a) the heat transfer 
coefficient vs dimensionless length from the bow of airship for the case of the forced convection ; (b) the 

heat transfer coefficient vs polar angle p for the case of the natural convection. 

number for the air, Nu, = h,l/k,, is the dimensionless 
local Nusselt number and 

is the local Rayleigh number, where I = (/1’+7r/2)R 

is the circumferential length, counted from the bottom 
point of the shell, and AT is the difference between 

the air and the average shell temperature. 

The internal heat transfer coefficient was estimated 
using the following dependence for the horizontal 
cylinders, given in ref. [I l] 

Nu,, = 0.59R~;,~’ (48) 

where NM,, = h,D,/k, is the average dimensionless 
Nussclt number inside the shell and Ru,, is the inter- 
nal Rayleigh number, which includes the thermo- 

physical properties of the internal gas and the tem- 
perature difference between the average shell 

temperature and the average temperature of the inter- 
nal gas T,. For the diameter in Rayleigh number the 
reduced value D, was used. This reduced value was 
obtained from the equivalence of the surfaces and the 
volumes between the spheroid and the cylinder. The 
average internal heat transfer coefficient was evalu- 
ated to be within the interval Kz = 3-5 Wt mm 2 K ‘. 
depending on the average temperature of the shell. 

5.2. Temperuture,fields in the shell 
In Figs. 5(a) and (b) the longitudinal temperature 

distributions in the airship shell under forced con- 
vective heat transfer for the airship motion speed 

I/ = 20 m s-- ’ (Fig. 5(a)) and U = I m s ’ (Fig. 5(b)) 
for different sun directions arc shown. For the case of 
Figs. 5(a) and (b) the sun direction angles are 9 = 60 , 
;’ = 90 The total solar radiation is E, = 1170 Wt 

m ‘, the earth reflected solar radiation is c/,E,(e. 
n,) = 420 Wt m -‘, the diffuse solar radiation is 
IG!?,, = 90 Wt m ‘. The downcoming infrared radi- 
ation flux is evaluated to be 355 Wt m ‘. The upper- 
coming infrared radiation flux is evaluated to bc 400 
Wt m ‘. The air temperature is r, = I5 C. The total 

solar radiation absorptivity of the shell is /IS = 0.55 
and the shell emissivities are E, = c2 = 0.45. The intcr- 

nal convective heat transfer coefficient is assumed to 
be/;2=5Wtni~1K ‘. 

The case of Fig. 5(a) shows the temperature field 
with the maximum value T,,,,, = 299.5 K. The differ- 
ence between the maximal and the minimal tem- 
perature values is 11.5 K. In the middle part of the 
shell the longitudinal distribution is nearly uniform, 
the longitudinal temperature difference does not 

exceed 3 K. The main temperature differences are 
localized in the bow and in the stern of the airship. In 

Fig. 5(b) the longitudinal temperature distributions 
for U = I m s- ’ are shown. The maximal temperature 

is T,,,,, = 350 K and the shell maximal temperature 
difference is 40 K. For these heat exchange conditions 
the temperature longitudinal uniformity in the middle 
part of the shell takes place except in the bow and the 
stern of the airship. The circumferential temperature 
distribution has rather high non-uniformity due to the 
non-uniformity of the radiative fluxes on the shell 
surface. 



Model for thermal regimes 2691 

370 (a) 

ml 
350 

V = 20m s-l 

370 

-1 

@I V=lms-’ 

B 

300 

290 I I I I I II II I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.6 0.9 1.0 

FIG. 5. The temperature distribution for the different polar 
angles vs dimensionless length from the bow of the airship 

for the case of the forced convection. 
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FIG. 6. The temperature distribution for different polar 
angles vs dimensionless length from the bow of airship for 

the case of the natural convection. 

In Figs. 6(a) and (b) the temperature longitudinal 
distributions in the shell for the natural convective 
heat exchange are shown. For Fig. 6(a) the sun direc- 
tion angles are 3 = 60”, y = 90”. The maximal tem- 
perature value is T,,,,, = 368 K. For the case of Fig. 

6(b) the sun direction angles are Y = 60”, y = 0’. The 

maximal temperature is T,,,,, = 366 K. 

The numerical simulation of the heat exchange of 

the airship shows that there are two main interplaying 

effects on the temperature field of the shell and the 
average temperature of the internal gas. The first one 
is determined by the ratio of the local heat flux associ- 
ated with the external radiation to the local convective 
heat exchange coefficient. If the region of the maximal 
heat flux coincides with the region of the minimal 

convective heat transfer the higher temperature 

field in the shell takes place. This leads to the higher 

average temperature of the internal gas. For the case 

of forced convection this situation takes place when 

the airship is oriented to the sun by the stern. 
The second effect is determined by the total heat 

flux incoming on the surface of the airship which is 

proportional the shell projection area on the plane, 
perpendicular to the sun direction. This effect is also 

associated with the airship orientation relative to the 

sun direction. The higher temperatures take place 
when the big axis of the airship is perpendicular to 

the sun’s direction. 

5.3. Contribution of the internal radiative heat transfer 

The contribution of the internal radiative heat 
transfer in the temperature field of the shell should be 

pointed out. For high heat transfer on the external 
surface of the shell under forced convection the tem- 

perature field is nearly uniform. In these operating 
conditions the radiosity field on the internal surface is 

nearly uniform, too, and can be given by the following 

approximation : 

E,, z aT4 = const (49) 

where ;i; = S ’ ls,v Td’S is the average temperature 
of the shell. 

The parametric analysis of the model shows that 

this approximation of the internal radiative heat 
transfer is valid only when the following relation is 
fulfilled : 

where &* = I& + h, is the total average convective heat 

transfer coefficient for both sides of the shell, 
T,* = (Ii, T, + h;T,)/(h, +&J is the reduced ambient 
temperature near the shell and max C Qi is the maxi- 
mal heat flux intensity on the shell surface. 

For the operating conditions fulfilling the relation 
(50), the relative error in the temperature field, given 
by the uniform approximation, does not exceed 1%. 
The relation (50) is fulfilled when the total heat trans- 
fer coefficient is h* 2 80 Wt mm2 Km ‘. This, for the 
given conditions, takes place if the speed of the airship 
motion V 2 100 m s- ‘. 

If the relation (50) is not fulfilled, the uniform 



approximation ofthc radiative heat transfer inside the 
shell is not valid and gives more considerable errors 
in the temperature fields of the shell. This takes place 
for the low motion speeds of the airship and for the 
natural convection heat exchange regime. All the tem- 
perature fields, presented in Figs. 5 and 6 conform to 

the operating conditions, requiring the calculations of 

the radiative heat transfer equation inside the shell. 
The uniform approximation is not valid for the above 

simulated conditions due to the low convective heat 

transfer and, as a consequence. to the temperature 

non-uniformity of the shell. 

There is another case of the applicability of the 
uniform approximation for the internal radiative heat 

transfer in the shell, which should be indicated here. 
This case takes place when the geometry of the hot 

air balloon shell is nearly spherical. For this case the 

uniform approximation of the internal radiative heat 

transfer is valid for any operating conditions, because 
the radiative flux inside the shell is uniform for any 

temperature fields in the shell due to the spherical 
geometry, as indicated in ref. [5]. The concrete 

expression for the internal radiative flux inside the 
shell for the spherical geometry is presented in ref. [5]. 

6. SUMMARY AND CONCLUSIONS 

In this paper the mathematical model of the steady 
state thermal regime of airships and hot air balloons 

shells is developed. The model includes the tem- 
perature field equation of the shell, the integral equa- 

tion for the radiative heat exchange on the internal 
surface of the shell and the convective heat exchange 
equation between the shell and the internal gas. The 
model includes the following radiation fluxes on the 

external surface of the shell : the direct solar radiation, 
the earth reflected solar radiation, the diffuse solar 
radiation, the infrared radiation of the earth surface 

and that of the atmosphere layer. For the calculation 
of the convective heat exchange coefficients the known 
computational technique and criteria1 dependences 

are used. 

For the solution of the problem the numerical iter- 

ative procedure is developed. For the approximation 
finite elements are used. The numerical algorithm of 

the solution presents the enclosed iterative procedures 
of the calculations of the elements temperature values, 

the elements radiosities and the average temperature 
of the internal gas. 

As an example, the developed model and the 
numerical procedure are used for the simulation study 
of the steady state temperature fields of the airship 
shell under the forced and natural convective heat 
exchange conditions on. The obtained results show 
two kinds of the heat exchange interplaying effects on 
the temperature field of the shell and on the average 
temperature or the internal gas. The first is determined 
by the ratio of the local surface heat flux associated 
with the radiation to the convective heat exchange 

intensity. The temperature of the shell and of the 
internal gas would be higher. if the region of maxtmal 
heat fux coincides with the region of the minimal 
convective heat transfer. The second effect is deter- 
mined by the integral heat flux incoming on the shctl 

surface. The temperature of the shell and of the inter- 

nal gas would be higher, if the big axis of the airship 
is perpendicular to the sun direction and the solal 

energy incoming is maximal. 

The contribution of the internal radiative heat 
transfer, introduced in the model, is studied. It is 

shown that for the thermal regime with the intensive 

convective heat exchange and, as a consequence, with 
the uniform temperature field in the shell the internal 

radiative heat transfer can be presented by the uni- 
form approximation. In accordance with this approxi- 

mation the radiosity distribution inside the shell can 

be given by the constant value, dependent only on the 

average temperature of the shell. This approximation 
is valid only for the high motion speeds of the airships 
and cannot be used for the low speed regime and for 
the case of the natural convection heat transfer on 

the external surface of the shell. Hence the internal 
radiative heat transfer is shown to be important factor 
in the heat transfer model of the airships and hot 
air balloons. The internal radiative heat transfer in 

general case must be taken into account using the 
integral equation of the radiative heat transfer. except 
the case of the very high convective heat transfer from 

the external surface of the shell and, also, the case, 
when the shell shape is nearly spherical. In these two 

special cases the radiative heat transfer can bc cor- 
rectly described by the uniform approximation for the 
internal radiative flux intensity on the shell surface. 
This approximation allows one to facilitate con- 

siderably the performance of the iterative algorithm 
and the computations of the temperature fields in the 

shells. 
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LE MODELE STATIONNAIRE POUR LE REGIME THERMIQUE DES ENVELOPPES 
DES DIRIGEABLES ET DES BALLONS 

Resume-Le modele stationnaire pour le regime thermique des enveloppes des dirigeables et des ballons 
est &bore. Le modtle comprends les equations suivantes : l’equation differentielle de la distribution de la 
temperature dans l’enveloppe, I’equation integrale pour l’echange thermique par la radiation au-dedans 
de I’enveloppe et l’equation pour l’echange thermique par la convection entre l’enveloppe et le gaz interieur. 
Le modele considere les fluxes suivants de la radiation sur la surface exterieure de l’enveloppe : la radiation 
solaire directe, la radiation solaire reflect&e par la surface de la terre, la radiation solaire diffusee, la 
radiation infrarouge de la terre et de l’atmosphere. Pour l’evaluation de la radiation infrarouge le modele 
de la couche plane est us&e. L’echange convectif sur la surface exterieure de l’enveloppe est consider& pour 
les cas de la convection for&e et naturelle. Pour la solution numerique la procedure iterative est &labor&e. 
Le modtle et la procedure iterative sont appliques pour la simulation des champs de la temperature dans 

l’enveloppe du dirigeable en conditions de l’echange thermique par la convection for&e et naturelle. 

DAS STATIONARE MODELL DER WARMEARBEITSWEISE DER HULLEN VON 
LUFTSCHIFFEN UND LUFTKUGELN 

Zusammenfassung-Inder Arbeit entwickeltet man des stationire Model1 der Wirmearbeitsweise der 
Hiillen der Luftschiffen und Luftkugeln. Das Model1 einschaltet drei Gleichungen: die Gleichung der 
temperaturischen Rerteilung in der LuftschitI’hiille oder Luftkugelhiille, die Integralgleichung fiir die 
Strahlen Strijme an der inner Oberflache von Hiille und die Integralgleichung des konvektiven War- 
meaustausch zwischen der Hiille und dem inneren Gas. In der Model1 betrachtet man die Strahlenstrome 
an der auBerlich Oberfllche von der Hiille : die gerade Sonnenstrahlung und reflektierte von der Erdeo- 
berfliche, die diffusione Sonnenstrahlung und Intrarotstrahlung von Erdeoberflache und Atmosphare. 
Man verwendet fur die Berechnung von der Infrarotstrauhlung der Atmosphare das Model1 der flachen 
Schicht. Die konvectiven Warmeaustausch betrachtet man an der augerlich Oberfliiche von der Hiille fur 
der Falle der erzwungenen und naturlichen konvection. Fur die Liisung des gewiesenen System von 
Gleichungen wird die ZahlenmaBig iterationene Prozedur entwickelt. Das Model1 und die zahlenmaBige 
Methode nutzt man fur die imitationen Forschungen der temperaturischen Feedern in der Hiille des 

Luftschiffes, in der Bedingungen erzwungener und naturlichen konvektiven Warmeaustausch aus. 

AHHAMH9ECKBE MEXAHH3MbI BOSHHKHOBEHHJI TEMI-IEPATYPHbIX HEPEI-IAAOB 
IIPM OAHOPOAHbIX YCJIOBMRX TEI-IJIOOBMEHA 

AEWTPIUUI-B CTaTbe npOBOJV%TCK aHanki3 wHahnirecKsx MeXaHH3MOB BO3HUKHOBeIiHK, 

TeMnepaTypHblX II~lIWOB Memy KOHCTpyKTUBHbIMH 3JIeMeHTaMH, HaXOAKIWiMNCK B OLWOpOLIHblX 

yC,IOBHKX TeMOO6MeHa. B CTaI&iOHapHbIX OrVrOpOAHbIX yCJIOB&iKX rermoo6hferia TeMIlepaTypHbIe 

nepenanbI Memy 3neMeHTahw OTC~TCTB~~OT, HO n03HBKawT B nsiHahniwuuix ~C~OB~X. IQHS~HO~ 
803HBKHOBeHHK 3THX "epeJIaJ(OB IIBJIKeTCIl pa3JlH'iEie nOCTOIIHHbIX B&%YMeHSi. B pa6oTe IIpOBeneHbI 

OIJeHKH BO3HHKaEO~XTeMnepaTy&NE.IX nePenanOBnp&i crca%oo6pasHbrxn nepHOlMWCKWXH3MeHeHHKX 

Cne~yEowix yc~10BHfi TeMOO6MeHa: TeMnepaTypbI nOTOKa BOsnyXa, HHTeHCHBHOCTW TeMOBLdJleJIeHWK, 

WHTeHCHBHOCTW KOHBeKTHBHOii TeMOOT~aW. l7onyqeHbI aHaJIATH%CKAe BL.IpaxeHHK, 

ycraHasnHeaIounie cn1l3b 803HsiKawuvix TeMnepaTypHbIx nepenanon c ~C~OBHSMB TeinOO6MeHa. 

IIoKa3aH0, YTO TeMnepaTypHue nepenanbI ManbI B nByx npenenbHarx cnyqanx. Bo-nepeblx, npki 

pewMax, KOTna nOCTORHHbIe Bpe.MeHli BCeX 3JleMeHTOB MHOI-0 6onbme nepHOna H3MeHeHHII 

napahfeTpoe Tennoo6hseHa. Bo-BTOP~IX, npa pemahfax, Korna nocromiHbIe spehfeHa ~02~ 3nehfeHTon 


