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Heat transfer rates of both heating and cooling for dissociating nitrogen dioxide gas were 
experimentally measured under turbulent pipe-flow conditions. The range of the average 
Reynolds numbers for which these measurements were made was from 6,700 to 22,000. Thermal 
flux a t  the inside surfaces of the tubes ranged from 300 to 8,400 B.t.u./hr.-sq. ft. for heating and 
cooling. Wal l  temperatures of the heater section were varied from 100" to 400°F. and those of 
the cooler section were varied from 70" to 140°F. Mixed mean bulk gas temperatures for both 
heating and cooling were in the range 72"  to 190°F. Radial velocity and temperature profiles 
were measured a t  various longitudinal positions in the heater section. 

For this equilibrium qas mixture heat transfer coefficients as high as 14 times those for 
the gas under frozen equilibrium conditions were obtained. Correlations which should be 
generally applicable to equilibrium reacting systems have been determined from the experimental 
data. 

The rates of heat transfer processes 
can be unusually high in gaseous sys- 
tems that undergo equilibrium type of 
homogeneous dissociation with a large 
energy of dissociation. If, for an endo- 
thermic or exothermic equilibrium 
type of homogeneous reacting gas, the 
reaction times are small compared 
with diffusion times, chemical equi- 
librium effectively prevails throughout 
the system and the values of thermal 
properties such as thermal conductiv- 
ity and specific heat of the system will 
be unusually high and will be nonmon- 
otonic functions of temperature. It is 
primarily the fact that thermal prop- 
erties such as thermal conductivity and 
heat capacity of such systems are high 
that gives rise to unusually high heat 
transfer rates. 

Detailed quantitative analysis of the 
behavior of thermal properties of re- 
acting systems is given in the literature 
(4 ,  7 ) .  Qualitatively however it may 
be noted that in the case of the meas- 
urement of the heat capacity of an 
endothermic equilibrium type of gas 
system for example a given addition 
of thermal energy to the system the 
temperature rise will be low owing to 
the fact that there is a shift in equi- 
librium which absorbs energy. Since 
the temperature rise is low for a given 
addition of heat, the measured heat 
capacity will be large. The thermal 
conductivity is related to the heat 
capacity by the kinetk theory (4, 7), 
and thus it would also assume high 
values in reacting systems. 

Nitrogen dioxide undergoes endo- 
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thermic dissociation in the range 75 
to 300°F.: 

N,O, + 2N0, AH, = 2.47 
x lO*B.t.u./lb. mole at 75°F. (1) 

At a pressure of 1 atm. the composi- 
tion of an equilibrium mixture varies 
from 35 mole % nitrogen dioxide at 
75°F. to nearly 100 mole % nitrogen 
dioxide at  300°F. Equilibrium is rap- 
idly established in this system ( 5 ) ,  
and therefore maximum effect on ther- 
mal properties is obtained. A review of 
the properties of this system is availa- 
ble in the literature ( 3 ) .  Experimental 
values of thermal conductivity of the 
system a t  equilibrium conditions were 
used in the heat transfer correlation 
(3 ,  6). Thermal properties of the gas 
for equilibrium and frozen equilibrium 
conditions are presented in Figure 1. 

The heat transfer rates were deter- 
mined under turbulent, pipe-flow con- 
ditions. Simultaneous mass transfer 
rates were also deteimined. The semi- 
empirical relationships used to corre- 
late the data were 

N,, = a, N,,"." Np> ( 2 )  

NBh = az N,,".." NS,3 ( 3 )  
for mass transfer (9) .  The applicabil- 
ity of the correlations and the values 
for the constants a, and a, are depend- 
ent on the average temperature at 
which the physical properties of the 
system that appear in the correlation 
are evaluated. The determination of 
this average temperature is the pri- 
mary probIem for this system because 
of the sensitivity of the physical prop- 
erties with respect to temperature. 

Other heat transfer studies have 
been performed on this system ( I ,  I I  ) . 
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A P P A R A T U S  AND E X P E R I M E N T A L  
METHODS 

Essential features of the apparatus were 
heating and cooling sections, a gas pump, 
flow and temperature measuring devices, 
and the pressure regulating surge tanks 
(shown in Figure 2 ) .  A closed-cycle sys- 
tem was used in order to eliminate the 
disposal problem of the toxic and costly 
nitrogen dioxide. The system was con- 
tinuously vented during a run to avoid the 
accumulation of any gaseous products that 
might be formed by corrosion. Makeup gas 
was supplied from the isothermal liquid 
reservoir. 

The heater section shown in Figure 3 
was a nickel plated copper pipe 49% in. 
long with an 1.D of 0.563 in. and an 
O.D. of 0.840 in. Five separate nichrome 
wire heating elements were wound along 
the outside surface of the pipe. These 
were electrically insulated from the pipe 
by layers of spun glass tape and Saureisen 
cement. Radial traversing temperature 
probes and piezometer rings for measuring 
static pressure were located at four posi- 
tions along the pipe, 1%, 10, 29%, and 
47% in. downstream from the entrance. 
These positions are, respectively, referred 
to as stations 1, 2, 3, and 4 in this paper 
as indicated in Figure 2. At stations 2 and 
4 there were also radial traversing total- 
pressure probes. Wall temperature was 
measured at seven positions along the 
pipe by means of chromel-alumel thermo- 
couples imbedded in the pipe wall. 

The traversing mechanisms for obtain- 
ing radial temperature and total-pressure 
profiles were spring-loaded, micrometer- 
activated devices (shown in Figure 3) 
which could be positioned to within 
& 0.0001 in. The radial-probe thermo- 
couples were made of 0.005-in. diameter 
chromel-alumel wire. The total-pressure 
tubes were made of 0.025-in. diameter 
hypodermic tubing. The piezometer rings 
were hollow rings with a %-in. diameter 
semicircular cross section and covered a 
series of four 0.013-in. diameter radial 
holes in the pipe wall. Both static and 
total pressures were measured by means of 
a micromanometer to within & 0.0002-in. 
head of kerosene. Thermocouple potentials 
were measured on a potentiometer which 
could be read to 10 pv. A watt meter with 
an accuracy of 0.5% was used to measure 
the power input to the heaters. 

Stainless steel sections representing a 
length-diameter ratio of 48 to 1 at the 
entrance and 36 to 1 at the exit preceded 
and followed respectively the heater sec- 
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Fig. 1. Thermal properties of the nitrogen dioxide system. 

tion to insure a fully developed velocity 
profile at the entrance to the heater and 
to reduce effects of downstream disturb- 
ances on flow in the heating section. These 
sections had the same inside diameter as 
the heater, and they were indexed with 
respect to the inside diameter of the 
heater to insure a smooth junction. 

Concentric-tube, countercurrent coolers 
were used with water flowing in the 
annular space and gas in the inner 
tube. Each cooler was 6 ft. in length and 
was fabricated from 0.049 in. thick stain- 
less steel tubes which were 1 and 5h-in. 
O.D. The first cooler downstream from the 
heater was as shown in Figure 2, equipped 
with four thermocouple stations at 2-ft. 
intervals to measure wall and mixed mean- 
gas temperatures. Inlet and outlet water 
temperatures were also measured. Water- 
flow rates were measured with orifice 
meters. A second cooler was used to cool 
the gas further before entry to the blower 
and a third was used to cool the exit gas 
from the blower. The gas pump was of 
the positive displacement type and was 
equipped with upstream and downstream 
surge tanks. 

Flow rates of nitrogen dioxide were 
measured with a calibrated rotometer. 
Flow rates were also checked with the 
bulk velocity calculated from integrated 
pitot-tube measurements and the agree- 
ment between the two methods was within 
3%. 

The heat transfer tests were made over 
a Reynolds number range of 6,700 to 
22,000 which corresponded to a total mass 
flow rate of 10 to 25 lb./hr. Wall tempera- 
tures for the various tests ranged from 
100" to 400°F. The pressure at the en- 
trance to the heater was maintained at 1 
atm. by controlling the temperature of 
the two-phase nitrogen dioxide system in 
the constant temperature bath shown in 
Figure 2. 

The apparatus was calibrated by using 
air as the reference gas. Accuracy and 
response of the thermocouple and pressure 
probes were checked by obtaining heat 
transfer coefficients for air. Heat losses 
were determined at various wall tempera- 
tures under zero-flow conditions. 

Nitrogen dioxide used in these tests 
was 99% pure material. The purity was 
qualitatively checked by freezing a sample 
of the gas in a liquid nitrogen trap and 

noting that no residual gas pressure re- 
mained and that the color of the solid 
material was straw yellow. Traces of 
materials such as nitric acid, nitric 
oxide, and water will cause the solid to 
become bluish green. The gas was dried 
with phosphorous pentoxide and was con- 
tinuously circulated through this drying 
agent located in the upstream surge tank. 

FROZEN AND REACTION 
CONTRIBUTION TO EQUILIBRIUM 
PROPERTIES 

The thermochemical and transport 
properties for the nitrogen dioxide gas 
tabulated in the literature ( 3 )  were 
obtained directly and indirectly from 
experimental thermodynamic and spec- 
troscopic data. There is a slight dis- 
crepancy between the calculated ( 3 )  
and the experimental (6) thermal 
conductivity. 

Properties of a reacting system can 
be characterized as either equilibrium 
or frozen. Equilibrium thermal prop- 
erties such as specific heat and thermal 
conductivity (shown in Figure 1) 
which involve enthalpy of reaction and 
rate of change of composition with re- 
spect to temperature are greatly tem- 
perature dependent. However these 
properties under frozen equilibrium 
conditions where composition is fixed 
do not have the large temperature de- 
pendence. Properties such as viscosity 
( 3 )  and density (10)  which are meas- 
ured under isothermal conditions have 
the same values under equilibrium and 
frozen equilibrium conditions. 

In analyzing the effect of dissocia- 
tion on the thermal properties of the 
system it is assumed that the equilib- 
rium values consist of a frozen and 
reaction contribution which are linearly 
additive. With this assumption the 
equilibrium values of specific heat at 
constant pressure and thermal conduc- 
tivity can be written as ( 4 ,  8, 11) 

(4 )  c,, = CP, + CP, 
and 

The reaction contribution to the spe- 
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Fig. 2. Heat transfer apparatus. 

cific heat is of the form ( 4 )  

CP, = - - 1 (6) M N ~ o ~  dT p 

The reaction contribution to the ther- 
mal conductivity is due to the diffusion 
of reaction enthalpy via mass diffusion 
and is of the form ( 4 )  

k r = - -  

These expressions can be reduced by 
the use of the assumption of a perfect 
gas and of the thermodynamic rela- 
tions of 

D*AH, da 

QP K, = - 
1 -a2 

and 
AH, - d l n  K ,  

1 R 
d- 

T 
to the form ( 4 )  

-_-- 

CP, = ( 8 )  

k, = 19) 

and ( 4 )  

2 
Values of C,, and k, can be estimated 
from kinetic theory relationships (8). 

METHOD OF CORRELATING HEAT 
AND MASS TRANSFER IN REACTING 
SYSTEMS 

To obtain a correlation of variables 
in a system in which radial and longi- 
tudinal gradients of properties exist it 
is necessaiy to establish an effective 
average state of the system. An aver- 
age condition for the system was in- 
ferred from the heat and mass transfer 
equations used. The equation for heat 
transfer is 

and for mass transfer is ( 4 )  

" I  

(11) 
where 

y = ro , -  T 
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Fig. 3. Heater section. 

If the physical properties in Equations 
(10) and (11) are evaluated at a 
temperature that is appropriately aver- 
aged in the longitudinal and radial di- 
rections, and if the laminar sublayer 
thickness through which most of the 
resistance to transfer occurs is such 
that 6/d << 1, giving a flat tempera- 
ture and composition profile in the tur- 
bulent core, then these equations can 
be written in the form 

q = 2 ~ r ,  - k'P f ( T , - T b ) d z  
6 h  

and (12) 

( ' f f w  -ab )dz  . . . (13)  
The average condition at which the 
properties denoted by subscript 6 must 
be evaluated is a temperature between 
the wall temperature and the mixed 
mean bulk temperature. Such an aver- 
age temperature which correlates the 
data well corresponds to the state of 
the system at the average specific en- 
thalpy, defined as 

(N, + H,)dz ( 1 4 )  
The heat transfer coefficient and the 

mass transfer coefficient are defined by 

q = 2 ~ r ~ h i y  ( T ,  - T b ) d z  

and (15) 
' j  

NN,o& 2%'r,h'S ( a w  - (Yb)dz ( 16) 

From Equations (12) and (15) the 
standard form of the Nusselt number 
results: 

Also from Equations (13) and (16) 
the standard form of the Sherwood 
number results: 

An alternate approach to the heat 
transfer correlation can be made by 
assuming that the transfer may be ex- 
pressed as a sum of two components: 
a frozen equilibrium component and a 
transport of reaction' enthalpy compo- 
nent. The equation for isobaric heat 
transfer then becomes, when one sub- 
stitutes in accordance with Equation 
( 5 ) ,  k,, and Equation (7),  k,, into 
Equation (10) : 

(19) 
Equation (19) can be written in the 
form of finite ratios instead of deriva- 
tives, and combining with Equation 
(12) one gets 

(20) 
or since h = k6/6, 

(21) 
Equation (21) can be reduced to 

- he 
h f  
- _  

However from Equations ( Z ) ,  (3) ,  
(17), and ( 18), assuming u, and a, are 
equal, one obtains 

and thus Equation (22) becomes 

h, M w ~  G I 6  6 

-= he I f  AH, (2)'13 

(23) 
When one uses Equations (4) and 
(6) ,  Equation ( 2 3 )  may be written as "-1+(,) N P ~ ,  'I' 

h f  (Sr [g-1] 6 (24) 

The heat transfer coefficient was de- 
termined from Equation (15) with 4 
determined either electrically or from 
a knowledge of the specific enthalpy 
profiles : 

q = m(Ha, -Hat) (25) 
Mixed-mean bulk enthalpy at each 

station was obtained from the point 
temperature and velocity measure- 
ments by use of 

Ha=-$ 2m To r v p H d r  (26) 
m 

The mixed-mean bulk temperature was 
that temperature corresponding to Ha. 
As a check the quantity m(Hb, - Ha,) 
was calculated and compared with the 
measured electrical energy input, the 
agreement between the two methods 
being within 5%.  The mass flow rate 
was determined from the point tem- 
perature (from which density can be 
calculated) and velocity measure- 
ments by use of 

7 0  

* m = 2 ~ i  r v p d r  ( 2 7 )  

and also from the rotameter measure- 

TEMPERATURE, OF VELOCITY, ft/sec 

Fig. 4. Typical radial temperature profiles. Fig. 5. Typical radial velocity profiles. 
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Fig. 6. Typical longitudinal mixed mean gas and wall tem- 
perature for heating. 

ments; the agreement between the two 
techniques was within 3%. 

The mass transfer coefficient was 
determined from Equation (16) with 

4, radial velocity profiles in Figure 5,  
and longitudinal mixed-mean gas and 
wall temperature profiles in Figure 6. 

The heat-transfer coefficients as de- 
m termined from Equation (15) were 

“,op = - ( a h j  - cia‘ )  (28) correlated in the form of Equation 
(2) .  The properties of the system were 

The fraction dissociated at  the wall the equilibrium values evaluated at 
was assumed to be the equilibrium the average temperature T6 described 
value corresponding to T,,  and the in connection with Equation (14):  
fraction dissociated for the mixed-mean ( N ~ , , , ) ~  = a, N ~ ~ ;  8 ( N ~ ~ ~ ) ; P  
bulk was assumed to be the equilib- 
rium value at T, .  A value of 0.018 for a, compared with 

The integrations in ~~~~~i~~~ (141, with 0.023 in (9) was obtained from 
(15), (16),  (26), and (27) were per- the data which are plotted in Figure 7. 
formed graphically with a planimeter. The mass transfer coefficients as de- 

The frozen equilibrium heat transfer termined from Equation ( 16) were 
coefficient for this system was calcu- correlated in the form of Equation 
lated from ( 3 ) ,  properties being again evaluated 

at the average temperature T 6 :  
-- htd al(NRe)aOS (Nfry)s”’ (29) NBQ = a,NRe;.’ NsC.ali3 (3a) 

A value of 0.018 for a, compared with 
0.023 in (9) was obtained from the 
data show plotted in Figure 8. 

Typical experimental radial tem- Thus the reacting heat transfer and 
mass transfer correlations of Figures 7 

M N P ~  

( 2u ) 

kt ,  

EXPERIMENTAL RESULTS 

peratuce profiles are shown in Figure 

and 8 follow Equations (Za) and (3a )  
respectively which are similar to the 
equations applicable to nonreacting 
systems (9) .  Values for the constants 
a, and a, of 0.018 fit the reacting data 
better than the value 0.023 in the lit- 
erature for nonreacting systems (9).  
It is noteworthy that if film properties 
are based on the average of T ,  and T, 
instead of on T6 [Equation (14)], 
much greater scatter of the heat and 
mass transfer data results. Thus it is 
advisable to base film properties on 
the specific enthalpy in accordance 
with Equation (14) .  

Heat transfer coefficient ratios as 
determined from Equations (23) and 
(24) are presented in Figures 9 and 
10, respectively. It is noteworthy that 
values of h,/h, as large as 14 were 
observed, illustrating the effectiveness 
of reacting systems as heat transfer 
media. 

The total scatter in the data was of 
the order of 15%. This number re- 
flects the possible errors introduced 
through the instability in heat input 
and flow rate that developed during 
the extended period of time that was 
required to complete a run, the devia- 
tion of pressure from 1 atm. due to the 
variation of temperature in the surge 
tank, the accumulation of inert gases 
in the system due to corrosion, the 
possibility at the higher wall tempera- 
ture of side reactions such as 

1 
2 

NOzSNO+-OA 

and the limitations in thc analysis and 
the assumptions. The first two possible 
sources of errors should in all proba- 
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Fig. 9. Effect of dissociation on heat transfer, Equation (23). 

bility be random. The effect of the 
third possible error would depend on 
the operating temperature. However 
samples of the material in the appa- 
ratus at the beginning and end of each 
run did not contain any inert gases. 
The fourth possibility would not pro- 
duce a random effect. I t  would cause 
a higher heat transfer rate to be ob- 
served for a given mass transfer rate. 
This effect is evident in some of the 
runs made at the highest wall temper- 
atures. However kinetics data for the 
forward step ( 2 )  suggest too slow a 
reaction to give any measurable effects 
at the highest temperature studied 
(400°F.).  

CONCLUSIONS 

Heat transfer correlations have been 
developed and experimentally tested 
for a system that undergoes homoge- 
neous chemical dissociation. The relax- 
ation times for the system were of an 
order that permitted the assumption of 
the existence of chemical equilibrium 
throughout the system. 

The net process involved in increas- 
ing the heat transfer rate for a homo- 
geneous dissociating system is similar 
to that of a system that is surface cata- 
lyzed and diffusion controlled where 
the reaction heat is absorbed or liber- 
ated at the exchange surface and not 
transferred through the laminar sub- 
layer. The use of an appropriately 
averaged film specific enthalpy instead 
of temperature in determining film 
properties is experimentally justified. 
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NOTATION 
A 
a 
c, 
d 
D,, 

h 
h‘ 
H 
k 
KP 
m 

M 
NN&, 

= circumferential transfer area 
= arbitrary constant 
= specific heat at constant 

= inner diameter of pipe 
= binary diffusion coefficient, 

= heat transfer coefficient 
= mass transfer coefficient 
= specific enthalpy 
= thermal conductivity 
= equilibrium constant 
= bulk mass longitudinal flow 

= molecular weight 
= radial molal flux of nitrogen 

dioxide relative to stationary 
observer 

pressure 

either molal or volume (9) 

rate 

= Nusselt number, hd/k 
= Prandtl number, Cpp/k 
= Reynolds number dvp/p 
= Schmidt number, p/D* 
= Sherwood number, h’d/D,, 
= pressure 
= radial heat flux 
= radial distance 
= inner radius of the pipe 
= universal gas constant 
= temperature 
- ( r ,  - T )  
= velocity 
= length 

- 

Greek Letters 
(Y = fraction nitrogen dioxide dis- 

sociated 
AH, = enthalpy of reaction per 

pound mole of reactant 
s,, = effective heat transfer bound- 

ary-layer thickness 
6, = effective mass transfer bound- 

G-7327 at Stanford University is grate- 
fully acknowledged in aiding computation p = mass density 
and preparation of the manuscript, P = viscosity 

ary-Iayer thickness 

Subscripts 

b 
e = equilibrium condition 
f = frozen equilibrium condition 
i = upstream station 
i = downstream station 
r = contribution due to reaction 
W = walI condition 
S = averaged boundary-layer con- 

= mixed mean bulk condition 

dition 
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