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Abstract-Experimental and analytical investigations have been undertaken for the front boundary-layer 
region around a heated cylinder normal to cold gas flows. In the flows of propane gas, the usual Nusselt 
numbers increase significantly with increasing wall temperature in contrast with those ofvery small variations 
in the flows of nitrogen. This is caused by the difference of temperature dependencies of fluid properties 
between both gases and by the pyrolysis of propane at elevated wall temperatures, i.e. at large Damkiihler 
moduli. The results are well represented by the boundary-layer analysis using simple models for reactions and 
gascompositions.Itisalsoshown that bothdatafornitrogenandpropaneat smallDamkiihlermoduliarewell 
correlated regardless of temperature conditions by making use of the Nusselt modulus defined by an enthalpy 
diNerence.Theexperiments,using the heatedcylinder Smmindiameterand theflowsat room temperatureand 
atmospheric pressure, covered the Reynolds numbers from 10’ to lo4 and the temperature ratios TWIT, from 

1.743 to 4.577. 
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NOMENCLATURE 

frequency factor in Arrhenius equation, 
equation (21) 

s Y 

3 (A/P) dy. 
0 

specific heat of gas mixture at constant 
pressure, of component i 
multicomponent diffusivity of the pair 
i-j, equation (6) 
binary diffusivity for system A-B, 
equation (22) 

Greek symbols 

Yk 

activation energy of reaction, equation 

(21) 
enthalpy of gas mixture, of component i, 
per unit mass 
heat of reaction of equation (20) or 
A + B, per unit mass of A, A, - l?, 
mass flux relative to mass averaged 
velocity 
constant appearing in equation (24), 
dimensionless 
molecular weight of gas mixture, of 
component i 
Nusselt number, 2Rq,/(T, - T,)1, 
pressure 
Prandtl number, C&L 
heat flux caused by conduction 
radius of cylinder 
gas constants 

R 

Oi 

molar rate of production of component i Subscripts 
Schmidt number in binary system A-B, A 

PIPDAB a 
%,I% B 
~~~x,l~Jld(XlR) 

mass averaged velocity 

xlR 
distance along cylinder surface from 
front stagnation point 
normal distance from cylinder surface 

Di 

H 
M 
e 
i 

exponent in equation (31) 
exponent in equation (34) 
reaction rate of reaction k given by 
equation (20), mole per unit volume per 
second 
boundary layer thickness 

s 
:(,./,, dy 

I# 
angle between y-coordinate at front 
stagnation point and at x 
thermal conductivity of gas mixture 
viscosity of gas mixture, of component i 
density of gas mixture, of componen: i 
Stefan-Boltzmann constant 
shear stress 
coefficients in the formula of Bromley 
and Wilke [21], dimensionless 

~eva6^=//@ 
mass fraction of component i in gas 
mixture, pi/p. 

component A (propane) 
approaching condition 
component B (mixture of pyrolysis 
products) 
concentration of component i 

enthalpy 
momentum 
outer edge of boundary layer 
component i 
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x 

v 
w 

x-direction 
pdirection 
wall. 

I. INTRODUCTION 

HEAT transfer between a circular cylinder and a 
transverse stream is one of the basic subjects in heat 
transfer engineering. experiments have been made in 
subsonic flows by Schmidt and Wenner [ 1] and Eckert 
and co-workers [2, 31. The theoretical analysis based 
on the boundary-layer approximation by FrSssling [4] 
and Dieneman [S] agrees well with those experimental 

results. 
However, some points remain to be clarified in the 

case of a large temperature difference between the wall 
and ambient flows of gases, especially thermally 
unstable gases such as light paraffins at elevated 
temperatures. An interaction between momentum and 
heat transfers caused by changes of fluid properties due 
to changes of temperature may result in heat transfer 
coefficients different from those obtained at a small 
temperature difference. More important are the effects 
of pyrolysis in the thermal boundary layer at an 
elevated temperature. 

Concerning the effect of a large temperature 
difference, a correlation of heat transfer coefficients 
expressed by fluid properties at film temperature has 
been conventionally used, since Churchill and co- 
workers [6, 71 proposed such a correlation in the 
experiments involving flows in air and nitrogen. 
However, no investigation has been reported for heat 
transfer involving flows of organic gases in which the 
temperature dependencies of the thermal conducti~ties 
and specific heats differ from those of air and nitrogen. 

Pyrolysis can be regarded as a homogeneous 
reaction. The treatment of heat transfer with a 
homogeneous reaction is simplified when the reaction 
rate is very low or very high. Since the low reaction rate 
has little effect on the heat transfer, most studies [S, 93 
have dealt with the latter case by means of the reaction 
system N,04 e 2N0, in the range 30-150°C. This 
reaction system is a rapid, reversible and homogeneous 
reaction with a large enthalpy change and the heat 
transfer coefficients have been conventionally cor- 
related by using effective thermal conductivity and heat 
capacity, because the gas composition is a function of 
temperature. 

A few investigators dealt with cases of a finite 
reaction rate which is a function of both temperature 
and composition. Brian and Reid [lo], and Brian [l l] 
analyzed the effects of reaction on the heat transfer 
coellicients by using the concept of constant film 
thickness under the assumption of a small temperature 
difference. Tambour [ 121 solved the boundary-layer 
equations at the stagnation point for the case of 
combustion of a premixed fuel. The investigations 
dealing with the pyrolysis system have been made by 
several investigators ; endothermic air dissociations in 
a high speed boundary-layer flow [13, 141, nitrogen 

oxide decomposition in a rotating concentric cylinder 
[ 151, natural convection around wires [ 161, and ozone 
decompositions in a turbulent pipe flow [17]. 
Nevertheless, it can be said that the heat transfer 
involving a chemical reaction has not been investigated 
thoroughly in producing a general theory or 
applications. 

This paper presents the results of an experimental 
and analytical investigation on heat transfers between a 
cylinder at 1373 K and a transverse stream of propane 
at room temperature and atmospheric pressure. 

2. EXPERIMENTS 

2.1. Apparatus and procedure 

The schematic diagram of the equipment and the 
flow systemis shown in Fig. l.Test gases at atmospheric 
pressure and room temperature were circulated by a 
blower through an orifice meter, a contraction nozzle, 
and a rectangular duct. The cross-section of the 
rectangular duct was 20 mm high and 100 mm wide. To 
maintain a constant gas composition, fresh gas was 
supplied at the rate of 3.3 x lo- * m3 s-’ from a gas 
container through a rotameter into the main stream 
while the same amount of gas was exhausted from the 
main stream through a pressure regulating device and 
subjected to combustion. A test cylinder was set across 
the flow at the exit of the contraction nozzle where the 
velocity and temperature profiles of the llow were flat 
and the turbulent level low. 

As shown in the lower part of Fig. 1, the test cylinder 
was composed of a stainless steel tube 5 mm in diameter 
with a wall thickness of 0.3 mm and a porcelain tube 
with a 2 mm O.D., a net of quartz fiber being packed 
between them. A chromei-alumel thermocouple with a 
sheath diameter of 0.5 mm was inserted in the inner tube 
with its tip portion, 3 mm long, brought into tight 
contact with the inner wall of the outer stainless steel 
tube. The angle made by the tip with the horizontal 
direction of the approaching flow was 55”. Both ends of 
the stainless steel tube were welded to brass supports 
which were 70 mm apart. To these supports an 
alternating electric current was applied and heat was 
generated by ohmic resistance of the stainless steel tube. 

The consumption of electric power per unit area was 
determined by measuring the electric current and by 
using the calibrated resistance of the stainless steel tube. 
The amount of heat transferred by radiation and 
longitudinal conduction was measured by reducing the 
pressure in the duct to below 100 N mW2 in order to 
remove the natural convection effect. By subtracting 
this heat loss by radiation and longitudin~ conduction 
from the consumed electric power, the convective heat 
flux was determined. The effect of circumferential 
conduction on the radial heat flux at the wall of the 
thermocouple location was estimated by assuming a 
circumferential distribution of the Nusselt number 
measured by Krall and Eckert [3]. The readings of the 
thermocouples in the cylinder and in the flow at the 
mouth ofthe contraction nozzle were used as values for 
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Contraction nozzle (2Ommx10Omm) 

Details of Test Cylinder 

FIG. I. Schematic diagram of equipment and details of test cylinder: (1) blower; (2) orifice; (3) pressure 
regulator;(4) to burner;(5)C,Hs bomb;@)N, bomb;(7)standardresistance;(8) RMSvoltmeter;(9)voltage 
regulator; (10) power transformer; (11) A.C. 200 V; (12), (13) thermocouples; (14) recorder; (15) window. 

the temperature of the cylinder wall and of the outer 
edge of the boundary layer without any correction, 
since the temperature change in the wall of the stainless 
steel tube and that of the flow in the duct is small 
compared with the large temperature difference 
between the wall and the flow. 

Gases sampled from the exhaust and the inlet tubes 
were analyzed using FTD-gas-chromatography. The 
Reynolds number based on the cylinder diameter and 
the fluid properties at approaching conditions ranged 
from 10’ to 104. 

2.2. Results 

The heat fluxes obtained at a low pressure of 100 N 
m- ’ are shown in Fig. 2. The dot-dashed line shows the 
radiative heat flux with an emissivity of unity. The 
experimental results are well fitted by a solid line, 
showing that an apparent emissivity is 0.86, and there is 
a small contribution of a molecular conductive flux, qe, 
to the heat loss. By using this diagram, all experimental 
data shown in the subsequent figures were corrected. 
The probable error of the estimated heat loss was 
calculated to be 5.2% by using the least squares method. 
In addition, the propane was assumed to be transparent 

“MT 27:6-C 

to heat radiation because of no available data on the 
emissivity. 

The experimental rest&s of the heat transfers are 
shown in Fig. 3. All fluid properties used for the 
correlations are values at the temperature of 
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Fto. 2. Experimental results of radiative and conductive heat 
flux qE- 
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FIG. 3. Experimental results of Nusselt numbers in flows of nitrogen and propane. 

approaching Row. The upper figure shows the 
experimental results for nitrogen flows along with the 
local values at 0 = 55” obtained by Krali and Eckert 

[3]. The agreement between the experimental results 
and the solid line is good. 

Contrary to the results for the flow of nitrogen, the 
values of Nusselt number in flows of propane increase 
with increasing wall temperature, as seen in the lower 
part of Fig. 3. The typical gas composition in the duct is 
shown in Fig. 4. At wall temperatures elevated to more 

than about 1023 K, yields of methane and ethylene by 
the cracking of propane are significant, but at 
temperatures lower than 873 K chemical changes are 
not noticeable. However, Fig. 3 shows that the change 
of Nusselt numbers with the wall temperature at the 
chemically inert temperature, T, < 873 K, is larger 
than that in the nitrogen flow at much higher wall 
temperatures. 

A more detailed discussion of these results will be 

given in the subsequent theoretical discussion. 

Tw [K1 

FIG. 4. Typical gas composition of propane flow after test cylinder. 
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3. DISCUSSfONS 

3.1. Boundary-layer equations and boundary conditions 
The basic boundary-layer equations for conser- 

vation of mass, momentum, component i and energy 
in the flow past a cylinder are given by the following 
equations 

&%vx)+ ~(pmioy) = - fg +MiRi, (3) 

aq a nA 
=_-..L-- 

ay ay izl Hiiiy 7 ( > (4) 

where wi = pi/p denotes the mass fraction of species i. 
The coordinate system is depicted in Fig. 5. The second 
terms on the RHS ofequations (3) and (4) are the rate of 
production of species i by chemical reaction and the 
energy transfer caused by interdiffusion, respectively. 
The shear stress,mass flux of component i and heat flux 
are given by 

jiyZP i!$$Qj2& J!$(-Qj , ( > (6) 
j=l J 

and 

Equations (lH4) are to be solved with the boundary 
conditions : 

at y = 0; v, = 0, vy = 0, 

jiY = 0, (8) 

9y = %v> T = T,. 

- 

(Approximate outer limits 
oi boundary layers) 

FIG. 5. Coordinate system for two-dimensional flow around a 
cylinder. 

aty=co; r,y = 4 r?, = t,,,, 

jiy = 0, Wi = <Oiej 

I 

(9) 

qy = 0, T = 7;. 

It is difficult, however, to solve the set of simultaneous 
differential equations (lH4). 

We now attempt to get an approximate solution by 
using an integral method. For this purpose we provide 
the boundary-layer thickness 6, for velocity, 6,, for 
con~ntration of component i and 6, for enthalpy. In 
the present analysis we assume that bH > 6, because 
Pr < 1. Then, from equations (2H4) we obtain the 
macroscopic balances of the momentum, component i 
and enthalpy in the boundary layers as 

d 

s 

d?d 
*‘,=z o PV,(V, - vxe) dy 

dv,, sM 

+dx 0 s 
(~0, - P~u,,) dy> (10) 

s 

SIX &Ti 
Pux(@i - Wie) dy, f 11) 

0 
MiRi dy = ~ J 0 

and 

i CIliAi- i wi,fii, dy. (12) 
i=l i=l 

We assume polynomials of the third order for the 
shear stress, mass flux of component i and enthalpy flux 
in terms of the dimensionless distance from the wall, i.e. 

( 4y_4w+ i E?diy 

>;; 

4w = i C”(ljfi)n. 
i=l n=O 1 

The dimensionless distances from the wall jllcI. qa and 
tjDi are given by 

where 

and 

The coefficients in the polynomials are determined by 
the following boundary conditions which are all 
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satisfied by the exact solutions 

PT xy dvx, 

ay y=. 
= P,Vxe dx % 

aT 
xy 

ay y=6M 

% 
__* & 

’ 8Y y=* 
= MiRiw, 

y=o 

Consequently the profiles ofshear stress, mass flux of 
component i and heat flux are 

and 

( 4y_4w+ i fii.jiy 

i=l 1 = (39; - 2&3, (17) 
-Y!v 

where pes and pe, denote the values at Y = 6,. 
Then, the velocity profile and the wall shear stress are 

obtained by using equations (5) and (15) and the 
boundary conditions as 

0, 
- =(2&-2&f&) 
VX, 

~=2+i(~)O.hl,-~(~)(1-_)o..n,, 

(19) 
where 

u, = 4vxelvJ 
d(xlR)’ 

and 

To obtain the concentration profile, it is necessary to 
know D, in equation (6). The pyrolysis of propane 
follows a complex process even if chemically stable 
components are used for modeling the reaction [ 181 

(First) 

C,H, ~0.34H2+0.59CH,+0.07C,H, 

(Successive) I (20) 

C,H, 2 H, +C,H,, C,H, 2 Hz -I- C,H,, 
Y3 

C,H, + H, 2 CH, + C,H,, etc. I 

However, only the first reaction is important because 
successive reactions have smaller rates. The rate of the 
first reaction is given by [ 1 S] 

where A = 6.9x 10”’ mol-3’2 m3j2 and E = 2.156 
x lo5 J mol- ‘. Moreover, to simplify the calculation 

procedure the system is assumed to be a binary system 
of propane (subscript A) and a mixture of products 
(subscript B). 

Thus, equation (6) becomes 

. ao, 
Jiy = JAy = --.by - - --$A,--> 

8Y 
(22) 

and the diffusivity D,, can be calculated from the 
equation of Fujita [19]. From equations (16) and 
(22) one can obtain 

x (&, - 24; + e;} - (4; - 4;). (23) 

Integration of equation (23) under the boundary 
conditions gives 

OA = Q~,&AB+ 1 5 
K 

K’ , (24) 
AB Al3 

where 

and K,, is a constant in an approximation of SC/SC, II (cu,K,,+ l)/( wAeKAB + 1) derived from Wilke’s equation 
[21). The concentration at the wall, oA,,,, can be calculated from 

((~A~K~~+~)/~~~~ In (~wA.KAB+~)/(wA~KAB+~)) 

(1/12)(~d~u,xR~dR,,1-1) 
(25) 
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where 

Since the change of the enthalpy I? = x1=, fiioi is 
expressed as 

d&= i ~id~i+~i~d~ = i &dwi+e,d7; 
i=l ^ ) i=l 

equation (7) is rewritten as 

Also, in the present binary system the enthalpy flux 
caused by the mass flux is 

i fi;ii, = J?kjAy + I?,&, = (I?* - fiB)jAy = Afij,,,, 
i=1 

(28) 

A& = (fr, -I?,) is the heat of reaction per unit mass of 
propane, which is a nearly constant value in a 
temperature range from room temperature to 1500 K. 

Thus, by using equations (17), (27) and (28) we get 

- (f% -@.4w) 
)i 

* (30) 

In these calculations, Pr has been regarded as a 

-- 

in the present system of T, N 300 K, T, < 1373 K and 
Ic/ = (M,A(P/WT,)3’2R/p,v,) < 209.5 x 10’. 

To obtain the temperature profile, we use an 
approximation 

(31) 

Then, by a similar treatment for the enthalpy profile, 
the temperature profile is obtained as 

and the wall heat Rux as 

(~)=~~(l-(~~+“)-~l+~,(~) 

1 C..*J&a + 1 

xsc, K,, In (~~~~:>>. (33) 

Using equation (32), local changes of density and 
viscosity with temperature can be calculated. 

Substituting the profiles presented above into 
equations (lOj(12), we get simultaneous differential 
equations concerning %4 = ~~~~=~/~~~), 0, = 
(~~v=~~/~~~), fz, = (~~u~~~/~~~) and X = (x/R). In 
these equations, (1) the changes of the flow with 
x-direction at the outer edge of the boundary layer; U = 
v,,/v, =f(x/R), (2) the dimensionless groups deter- 
mined from T,, T, and (11~~; (T,/T,),(-AA/(~A,-~A,)~ 

and (3) the Damkahler modulus ; (- M,R,,R/p,u,) = 

(- MAA(M,P~,,IM,RT,)~‘~R/~,~,) ev ( - EIRT,) 
are independent parameters, which should be provided 
as external factors. The values of u’ were calculated 
from the equation given by Hiementz [20] indepen- 
dently of the temperature condition. 

The changes of fluid properties included in the 
calculations may be expressed as 

WA +!!E 0 l--o, 

OA + (I- WA~#JAFIMB/MA /1A WA~‘BAMB/MA + (I- wA) 

WAe +k 

( ) 

1-wAe 

WAe + t1 -WA&A&,/MA PAe WA&#‘BAMB/MA + (I- wA) 

N 2 (34) 

constant and 8, > & has been implicitly assumed. 
The relationship between & and 8, may change 
with Pr, SC,, (E/~T~~, (T,/T,), (A~/(~~-~~)) and 
(M~R~~~/p~v*), but the relationship & > $ is valid 
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By using R,, Q, (or oAw) and !& calculated by the 
above mentioned procedure, we get the friction factor 
and the Nusselt number from equations (19) and (33), 
respectively. In addition, the Nusselt modulus defined 
by the enthalpy difference between the wall and the 
outer edge of the boundary layer is obtained from 
equation (30), which is related to the usual Nusselt 

number as 

(36) 

Pr q,R q,R $pe 
(@Aw-fiAe)~c = (T,- T,)4 <C~A> ’ 

(37) 

where (CPA) = (A,, - fiAe)/( T, - T,). Thus, as is the 
case of air or nitrogen, for small changes of CPA with 
temperature difference the modulus is nearly equal to 
the usual Nusselt number, but in the case ofpropane the 
factor cPe/(ePA) changes significantly as the tempera- 
ture difference increases as shown in Fig. 6. An 
advantage of the new definition of the Nusselt modulus 
is shown in the next section. 

3.2. Effect of a large temperature deference 
We will now discuss the effect of a large temperature 

difference under the assumption of no chemical 
reaction, that is, AI? = 0, A = 0 and wAw = 1. The 
values of the exponents a and b in equations (31) and 
(34) are taken as a = 0.095, fi = 0.683 and Pr = 0.703 
for nitrogen and a = 0.593, /I = 0.865 and Pr = 0.783 

for propane. 
The friction factors are shown in Fig. 7. The variation 

of the friction factor for propane with the temperature 
ratio, TWIT,, shows a similar trend of that for nitrogen, 

mainly because the temperature dependencies of the 

6-F-v--@ 
lo2 6 *lo3 

T[KI 

FIG. 6. Changes ofviscosities 1221, thermal conductivities [23] 
and specific heat at constant pressure ofnitrogen and propane. 

1 

Propane, Pr=0.787,wi thout Pyrolysis 

0 20 40 60 83 100 
6 [degree1 

FIG. 7. Circumferential changes of wall shear stress 

viscosity are similar to each other as seen from Fig. 6. 
The location of the separation point moves upstream 
with the increase of the temperature ratio. 

Calculated results ofthe Nusselt number for nitrogen 
and propane are shown by solid curves in Fig. 8. The 
variation of the Nusselt number for propane with the 
temperature ratio is found to be large, whereas that for 
nitrogen is small, because the temperature de- 
pendencies of 1 and c, for propane are different from 

those for nitrogen (Fig. 6). 
On the other hand, the Nusselt modulus based on the 

enthalpy difference shows a small dependence on the 
temperature ratio for both propane and nitrogen. The 
calculated results are shown in Fig. 9. As is seen from 
this figure, the maximum deviations from the value of 
T,/T, = 1 is 5% at TWIT, = 4.577 for propane, and 
much less for nitrogen. 

By using this fact and the relationship of equation 
(37), we get a simple approximate formula, by which the 
effect of a large temperature difference on the Nusselt 
number is calculated, as 

Nu <&> 1 (TWIT,)’ +=- 1 
Nu,Eqz- 

l+a (T,IT,)-1 ’ 
(38) 

where Nu, is a Nusselt number at a limiting case of 
T,/T, = 1. For the case of propane, the values 
calculated from equation (38) are depicted at T,/T, 
= 0.218 and 4.577 by broken curves in Fig. 8. The 
conventional correlation based on the fluid properties 
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L” 

Nitrogen , PkO.303 

1.0 
0.8 - 
0.6 I TwlT~4.577 

1 .o 
0.4 - 0.218 

4.0 
Propane , Pr=O.787,withcut Pyrolysis r 

0.21 ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ 1 
0 20 40 60 80 100 

3 [degree) 

FIG. 8. Circumferential changes of Nusselt number (without 
pyrolysis). 

at film temperature can be expressed by 

E z {;( 1+ ,)[+P’z-o.s. (39) 

This equation is derived from the relationship of 

2% 
(T, - T,)l&, = const. ’ 

(40) 

and equations (31) and (34), where the subscript f refers 
to values at the film temperature, Tf = (T, + T,)/2. The 

e 2.0 I 8 c I s a I I -- 
_s Nitrogen, Pr=O-703 

- Propane, Pr =0.707. 
without Pyrolysis _ 

3 (degree] 

FIG. 9. Circumferential changes of Nusselt modulus based on 
enthaluv difference (without uvrolvsis1. 

simplest formula of equation (38) seems to be a better 
approximation of the results of numerical calculations 

than the correlation using film temperature. 
The experimental results of the Nusselt modulus 

based on the enthalpy difference are compared with the 
calculated results in Figs. 10(a) and (b) for nitrogen and 
propane, respectively. The experimental values are the 
same as the ones presented in Fig. 3. Good agreement 
between both results are obtained in the case of 
nitrogen. In the case of propane, the experimental 
results obtained in the region 2Rv,p,lp, < 3 x IO3 and 
TWIT, < 3.41 (T, = 1025 K) are also in fairly good 

agreement with the calculated lines. In the region of 
higher Reynolds numbers, the experimental values are 
somewhat higher than those of the analytical line, 
probably because the flow near the edge of the 
boundary layer becomes turbulent. In the case of T,IT, 
= 3.910 and TWIT, = 4.577, the calculated results, in 
which the effect of the chemical reaction is ignored, are 
shown by broken lines. The experimental values are 
seen to be higher than the calculated ones, showing the 
effect of pyrolysis. 

3.3. Effect of pyrolysis 
In Fig. 11, the analytical results of the Nusselt 

modulus are plotted against the Damkiihler modulus 
which shows the effect of chemical reaction. This figure 
shows that the Nusselt modulus increase with 
increasing Damkiihler modulus; the Nusselt modulus 
is about 1.3 times as large as that in the chemically inert 
case when the DamkGhler modulus is about 6 x 1 O4 and 
T, = 1373 K, T, = 300 K. 

Comparisons of the analysis and experiments are 
given in Fig. 10(b). The solid curves of T,/T, = 4.577 
and 3.910 are the analytical results for the present 
experimental condition of (- M,A(p/fiT,)3/2R2/p(,) 
= 5.904 x 10”. The agreement between the calculated 
and experimental results is fairly good, that is, the effect 
of pyrolysis on the heat transfer coefficients is well 
predicted by the present analysis. However, the 
calculation procedure of the present analysis is too 
tedious. Therefore, a simplified method for a quick 
estimation of the effect of pyrolysis is desired. For this 
purpose, though &, changes with the pyrolysis we will 
make an approximation 

From equation (30), we get 
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FIG. 10(a). Correlations of experimental and calculated results of Nusselt modulus based on enthalpy 
difference at 0 = 55”. 

2- -----(without Pyrolysis 

- 

FIG. 10(b). Correlations of experimental and calculated results of Nusselt modulus based on enthaby 
difference at 0 = 55”. 
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Propane , Pk0.787 , ~k:l.O, Sc,=O.445 

::;j 

FIG. 11. Changes of Nusselt modulus with Damkahler modulus. 

On the other hand, by assuming R,, D R,, and using 
equations (21) and (34), equation (25) may change 

(-M,A(n’,.~~~“R’/ir.)exp(-~) 

x (y3” SC, %(g-&-) 

= 12 
wJ*, + 1 

K AS 

Using equation (41) with a further approximation of 
&, N 8,, and eliminating wAW from equations (42) and 
(43), we obtain a general relationship between 

Pr q,R 
(RAW - fiAJA 

and 

4 
- MAA((M~IMA)oA~(PI~T~))~‘~R’ 

PJAB= 

The relationship is depicted in Fig. 12 by the dot- 
dashed curve. Solid and broken curves are the 
calculated results by the foregoing boundary-layer 
analysis. The present simplified theory assuming 
& = $ = const. independently of pyrolysis leads to 
somewhat larger changes of the Nusselt modulus, but 
effects of all parameters are expressed in one curve. 

4. CONCLUSION 

Several results of experimental and analytical 
investigations concerning heat transfer between a 
cylinder and transverse flows of nitrogen and propane 
have been presented. To conclude theinvestigations, we 
may summarize the results as follows : 

-----by Boundary-layer analysis 

FIG. 12. Comparison between calculated results by boundary-layer analysis and by simplified method for 
changes of Nusselt modulus with pyrolysis. 
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(I) In the flow of nitrogen, the effect of the 
temperature difference on the Nusselt number is small. 

(2) In the Row of propane, the Nusselt number 
changes significantly with increasing wall temperature, 
though the temperature is within the range of the 
chemically inert temperature. At a higher wall 
temperature, pyrolysis of propane near the wall causes 
an appreciable heat transfer increase at a small 

Reynolds number. 
(3) For the effect of a large temperature difference on 

Nusselt number, simpler formula than a conventional 
film-temperature correlation was obtained as shown in 
equation (38). Furthermore, it is recommended that the 
Nusselt modulus delined by the enthalpy difference is 

used because it does not change with wall temperatures 

in both inorganic and organic gas flows. 

(4) For the effect ofpyrolysis, the experimental results 

are well represented by the analysis using a simple 

model for the reactions and gas compositions. A 
simpler analysis similar to the film theory assuming a 

constant film thickness results in the over-estimate of 

the heat transfer coefficient, but may be useful for a 

simplified prediction. 

Further experimental investigations at an elevated 

ambient temperature are desired for industrial 

applications. 
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EFFET DUNE GRANDE DIFFERENCE DE TEMPERATURE ET DE LA PYROLYSE SUR 
LE TRANSFERT THERMIOUE ENTRE UN CYLINDRE ET UN ECOULEMENT 

TRANSVERSAL DE GAZ D’AZOTE ET DE PROPANE 

R&me-L’etude experimentale et analytique a et& faite pour la region frontale de la couche limite sur un 
cylindre chauffe, normal a l’ecoulement d’un gaz. Dans les dcoulements de gaz propane, le nombre de Nusselt 
usuel croit significativement avec l’augmentation de la temperature parietale, au contraire des petites 
variations dans le cas de I’azote. Ceci est dd a la di5erence des dependances des prop&t& du fluide entre les 
deux gaz et a la pyrolyse du propane aux temperatures de paroi elevees, aux grands modules de Damkoler. Les 
resultats sont bien represent&s par f’analyse de la couche limite utilisant des modeles simples pour les reactions 
et les compositions du gaz. On montre que les mesures pour I’azote et le propane aux faibles modules de 
Damkiiler sont bien represent&s, independamment des conditions de temperature, en utilisant le module de 
Nusselt defini par une difference d’enthalpie. Les experiences avec un cylindre chau5e de 5 mm de diamttre et 
avec les tcoulements a la temperature de la Salle et a la pression atmospherique, correspondent a des nombres 

de Reynolds entre 10’ et lo* et a des rapports de temperature T,/T, entre 1,743 et 4,577. 
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DER EINFLUSS EINER GROSSEN TEMPERATURDIFFERENZ UND THERMISCHER 
ZERSETZUNG AUF DEN WzhRMEUBERGANG AN EINEM QUER VON STICKSTOFF 

UND PROPANGAS ANGESTRdMTEN ZYLINDER 

Zusammenfassung-Fir der vorderen Grenzschichtbereich eines beheizten, quer zum kalten Gasstrom 
angeordneten Zylinders wurden experimentelle und analytische Untersuchungen angestellt. Bei der 
Propangasstriimung steigt die Nusselt-Zahl stark mit steigender Wandtemperatur im Gegensatz zu nur 
schwachen Veranderungen bei der Stickstoffstriimung. Dies ist auf die unterschiedliche Temperatur- 
abhangigkeit der Stoffwerte beider Case und auf die thermische Zersetzung des Propans bei hoheren 
Wandtemperaturen zuriickzufiihren, vornehmhch bei groBen Damkdhler-Zahlen. Die Ergebnisse lassen sich 
durch eine Grenzschichtbetrachtung mit einfachen Modellen fur Reaktion und Gaszusammensetzung gut 
wiedergeben. Es wird gezeigt, daD die Ergebnisse fiir Stickstoff und Propangas bei kleinen Damkohler-Zahlen 
durch eine mit der Enthalpiedifferenz gebildete Nusselt-Zahl temperaturunabhlngig korreliert werden 
konnen. Die Versuche mit einem Zyhnder von 5 mm Durchmesser und Stromungen von Raumtem- 
peratur und Umgebungsdruck lagen in einem Bereich der Reynolds-Zahl von lo* bis lo4 und bei 

Temperaturverhaltnissen T,.,/T, von 1,743 bis 4,577. 

BJIMIIHME 6OJIblBO~ PASHOCTM TEMHEPATYP M HMPOJIM3A HA 
TEHJIOHEPEHOC MEXAY UMJfMH~POM M HOHEPEYHbIMH HOTOKAMM 

A30TA M TIPOHAHA B fA3006PA3HOM COCTORHMM 

hHOTalW--npOBeneHbl 3KCnepHMeHTanbHbIe li aHanATHYeCKHe HCUIeAOBaHAS nCpAHei? 06naCTH 

norpami~noro cnoa ~0~pyr HarpeToro ua.nliHnpa npu nonepewoM 06TeKaHHM xononHbIM noToKoh4 

Ei3a. nptr 06TCKaHWM IWIHHApa ra3006pa3HbIM npOnaHOM 3Ha'IeHHR qHCJIa HyCCCJIbTa CyUeCTBCHHO 

BO3paCTanll C POCTOM TCMnepaTypbl CTeHKH 00 CpaBHeHHEO C IIX OYeHb He3HaqllTCnbHblM yBenW,C- 

HHCM "pa 06TeKaHWW a30TOM. 3TO 06~~CH~CTC~ pa3nHYHOii SaBUCIIMOCTbH) CBOiiCTB 060AX raJOB 

0~ TetmepaTypbr, a TaKme napona3oM nponasa'npe BbIcoKAx TeMnepaTypax cTeHKA, T.e. nphi 

6onbmtix 3HaveHmx wcna AaMKhepa. nonyqetmbIe pe3ynbTaTbI xopotuo 0mcbIBamTc~ Teop5ieB 

IIorpaHwmoro cnofl c noMoubH3 npocrbrx MoAeneii peaKuuB N cocTaBa ra30B. TaKEe noKa3aH0, 

'IT0 HC3aBMCMMO OT TeMnepTypbI AaHHbIC KaK ,&"S a3OTa, TaK H npOnaHa npA MaJIblX 3HaVCHHIIX 

WC~a~aMKh2paXOpOL"OOnMCbIBaIoTCSIWC,IOM HyCCenbTa,BbIpa~eHHbIMvepe3pa3HOCTb3HTaJIbnHk 

3KCnCpHMeHTbI. B KOTOpbIX HCnO,Ib30Ba,ICI HarpeTbIii USUIAHAp AHaMeTpOM 5 MM, 06TeKaeMbIti 

noToKa~~ra30Bnp~KoMHaTHoRTe~nepaType~aTMoc~epHo~naBneH~~,npoBoA~nacb B AAana30Hax 

wcna Pehonbnca OT IO2 AO IO4 H oniomewi~ TeMnepaTyp T,/T, OT 1,743 no4,577. 


