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From studies of annular packed beds wherein the heat flows purely radially, the authors 
obtained the coefficients of heat transfer on the inner tube surface, as well as the mean 
effective thermal conductivities of bed. The inner and outer diameters of the annular packed 
bed were 22 and 70 mm. respectively, and the packings shown in Table 1 were used. The wall 
film coefficients obtained with air flowing axially through the bed were correlated for N R ~ X  
< 600 by means of Equation (14). 

The coefficients of heat transfer for cylindrical packed beds reported previously by other 
observers were correlated also by Equation (141, with 0.054 used for values of a, in the range 
N R ~ Y  <2,OOO. 

Consideration of Equation (14) in  terms of a theoretical model of heat transfer showed that 
it was reasonable to apply it for the prediction of wall film coefficient, especially for low 
Reynolds numbers. 

In the development of the analytical 
methods for the design of catalytic re- 
actors many measurements have been 
made of effective thermal conductivities 
in cylindrical packed beds. Hatta and 
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U 
Fig. 1. Experimental annular packed bed and 
arrangement of copper-constantan thermo- 

couples. 

Maeda (6) analyzed their experimental 
data of heat transfer in packed beds 
with their theoretical formula, which 
includes the wall film coefficient of heat 
transfer. 

The coefficient h,, which is important 
for the heat transfer mechanism in 
packed beds, has been measured b 
Coberly and Marshall ( 3 ) ,  Campbe 
and Huntington (2), Felix ( 4 ) ,  Plautz 
and Johnstone ( 8 ) ,  Quinton and Stor- 

6 

row (9), and Calderbank and Pogor- 
ski (1). 

With respect to the usual packed 
beds of cylindrical packings Hanratty 
( 5 )  has presented the following equa- 
tion which is based on the correlation 
for the range DpG/cp of 80 to 500: 

D,G '.' 
-= hwDp 0.95 - 1.44 ( -) (1) 

k, w 
Yagi and Wakao (13) measured the 

coefficients for beds of spherical pack- 
ings and correlated their data with 
those of Felix ( 4 )  and Plautz and John- 
stone (8) by 

- h, 0, = 0.18 (,) D,G (2)  
k, 

for the range D,G/p = 20 - 2,000 
Equations (1) and (2) for the wall 

film coefficient of heat transfer cannot 
be used for flow conditions of small 
Re olds numbers, as they make h,D,/ 
k, r ecome zero when N,,, = 0. 

1.1 I .  

Fig. 3. Radial temperature distribution in annular packed beds without 
air flow; that is N R ~ X  = 0. 

Fig. 2. Radial temperature distribution in annular packed bed, 
in blank tests without water flow. 

Fig. 4. Radial temperature distribution in annular packed beds with air 
flowing; N R ~ Y  > 0. 
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Fig. 6. Schematic illustrations of temperature 
distributions in annular packed bed, in both 
cases of blank test and of run with stationary 

air. 

Catalytic reactors in practice have 
flow conditions corresponding to small 
Reynolds numbers, due to small cata- 
lyst diameters and low linear velocities. 

Therefore it is necessary for reasonable 
design calculations of catalytic reactors 
to obtain correct values of h, for small 
Reynolds numbers and further to know 
the heat transfer mechanisms near the 
wall surface of packed beds. 

However it is impossible to obtain 
the reliable data for h, at small Reyn- 
olds numbers if the experimental 
method applied is similar to the previ- 
ous studies. In these studies the flowing 
gas was heated or cooled in cylindrical 
packed beds, and the radial temperature 
distributions approached the constant 
wall temperature for small Reynolds 
numbers. This leads to inaccurate meas- 
urement. Hence the authors have made 
an experimental heater with an annular 
packed bed, wherein the heat flows 
purely radially, and have obtained new 
data for the wall film coefficient of heat 
transfer on the inner tube surface and 
mean effective thermal conductivity of 
the annular packed beds. The results for 
the wall film coefficient have provided 
the new correlations which have been 
compared with the previous experi- 
mental data from cylindrical packed 
beds. 

EXPrRlMENTAL MET HODS 

A diagram of the experimental packed 
bed is shown in Figure 1. The main part 
was constructed from three steam jackets 
and a steel pipe cooled by water, with 
solid particles packed in the annular space 
between them. The preheated air, the 
temperature of which is kept constant by 
a temperature controller, is blown upward 
into the bed, after being controlled at 
constant flow rate by a flow-recording 
controller. The packed bed is kept motion- 
less by the two sheets of screen clamped 
on the bottom and top of the bed. The 
test section, the middle steam jacket, is 
covered by another steam jacket for the 
thermal insulation. Since the steam jacket 
of the test section was kept at atmospheric 
pressure by releasing the excess steam to 
the air, the saturated temperature of the 
steam was measured as 100°C. The heat 
transferred from the steam jacket to the 
cooling water was calculated from the 
measured rate of steam condensation, with 
the heat loss as obtained from preliminary 
blank tests taken into account. The radial 
temperature distributions were measured 
with fine and bare copper-constantan ther- 
mocouples arranged in the packed bed, 
(Figure 1) .  

To get purely radial heat flux a lon 
calming section of the same packed be 

I 

8 
was adUded below the measurhg section, 
and the inlet air temperature was con- 

TABLE 1. PACKINGS USED IN EXPERIMENTS 

Lead Steel 
Glass beads and balls shot balls 

Diameter,(mm.) 0.57 0.94 2.75 5.1 12.3 3.0 11.2 
Density,(g./cc.) 2.48 2.53 2.47 2.50 2.52 10.9 7.98 
Void fraction( -) 0.355 0.372 0.352 0.375 0.427 0.382 0.461 
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Fig. 8. Factor ( a p )  in annular packed beds . 
used. 

trolled to be nearly e ual to the mean 
temperature of the outlet air. The calm- 
ing section proved adequate in ensuring 
that radial temperature distributions were 
identical at inlet and outlet planes of the 
test section. With these conditions the 
experimental data could be analyzed on 
the basis that the air was neither heated 
nor cooled in flowing throu h any position 
in the test section of the be$. 

Before final measurements were made, 
blank tests were done without cooling 
water to measure the heat losses in each 
packed bed. Figures'2, 3, and 4 show the 
radial temperature distributions for the 
blank tests without water flow, for runs 
without air flow (that is NR.x = 0).  Table 
for runs with air flow ( N R , ~  > 0).  Table 
2 includes some examples of the experi- 
mental data, from series A to G.* 

EXPERIMENTAL RESULTS 

In the, annular packed bed with the 
heat flowing purely radially, theoreti- 
c d y  the temperature distributions 

a Tabular material has been depwited BS docu- 
ment No. 8138 with the American Documentation 
Institute Photoduplication Service Liirary of 
Congred Washington 25 D. C anh may be ob- 
tained f& $1.25 for phbtoprds or for 35-mm. 
microfilm. 
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the external an& internal wall surfaces. 
The data were analyzed by applying 
the following equations, based on the 
typical model shown in Figure 5. 
9 = Aw,.h,l.Atl =A,,,- (k . /b)  Atc = 

A,,. hwz.At2 (3) \" 
where a" 

Aew = (Awz-&i)/2.3 logm(A,a/A,i) c 5 

A,, = ~ ( 0 . 0 2 2 )  (0.250)m2 = 0.01728 
m' 

A,, = ~(0 .070)  (0.250)m' = 0.05498 
ma 

A,,, = 0.03254 mz e 
2 

2- 

*m- 

b = ( D a  - DI) /2  = (0.070 m - 
0.022 m)/2 = 0.024 m 

When one substitutes the above values 
into Equation (3) ,  the effective thermal 
conductivity and the wall film coeffi- 
cient of heat transfer on the inner, and 
outer surfaces can be calculated from 
the following equations respectively: 

a 
0 

@ GLASS BALLS 12.3mm 

0 STEEL BALLS I I . 2 m m  
60 

4 

2 
9 + 0-041  NprNReM 

Fig. 9. Data obtained from annular packed 
beds, glass beads: 0.57-mm., 0.94-mm. di- Fig. 11. Data obtained from annular packed 

ameter. h.,; = 58.0 ( q / A t l )  ( 5 )  beds, glass balls: 12.3-mm. diameter; steel 

k. = 0.0740 ( q / A t , )  (4)  

balls: 11.2-mm. diameter. 
h,, = 18.2 ( q / A t , )  (6) 

@ GLASS BEADS 2.75mm-1 The values of the radial heat flow rate 
0 5 . I O m m  are evaluated from the rates of water- 
@ LEAD SHOT 3.00mm-1 vapor condensation as follows: 

30 I I 

7 t 0 . 0 4 1  N p r N R e ~  

I I I 
0 100 200 300 400 

Fig. 10. Data obtained from annular packed 
beds, glass beads: 2.75-mm., 5.10-mm. di- 

ameter; lead shot: 3.0-mm. diameter. 

should be straight on the semilogarith- 
mic coordinates, as shown in Figure 5, 
if the effective thermal conductivity is 
assumed constant in the packed bed. 
From the results shown in Figures 3 
and 4, it seems reasonable to think that 
there are thermal resistances on both 

9 = v y - q "  (7)  
In the blank test for finding the heat 
loss from the test section the rate of 
water-vapor condensation would give 
the heat loss immediately, if the tem- 
perature at all points of the packed bed 
equals the wall surface temperature. 
Since there were small deviations of the 
radial temperature distribution for the 
blank tests as shown in Figure 2, the 
actual outward heat loss from the test 
section must be corrected. In Figure 6 
the values for the blank test and for the 
run with stationary air are shown sche- 
matically. 

In the blank test 

90 + q' = yV' (8)  
For the runs with the stationary air 

and with the cooling water 

9" + q o  = y v ,  (9)  
The effective thermal conductivity for 
both cases should be the same; there- 
fore 

q r / q o  = At',/At", (10) 
Using Equations (8) ,  (9)  and ( lo ) ,  
one can easily obtain the value of q" 
from 

0 GLASS BEADS 2.74mm 

0 '* ** 5 . 1 0 m m  
30 I 

Fig. 12. Wal l  film coefficient on outer-tube 
surface in annular packed beds. 

The following is a sample of the cal- 
culation for 2.75-mm. glass beads in 
Table 2, series C: 

V' = 30.5 g./hr. 
= (30.5) 10" kg./hr. 

V ,  = 63.5 g./hr. 
= (63.5) lO"kg./hr. 

At'c = 65°C. 
At", = 56.0"C. 

= 539.3 kg.-cal./kg. 

(30.5) 10' - (6.5/56.0) (63.5) 10" 
1 - (6.5/56.0) 

9' = (539.3) . = 14.1 kg.-cal./hr. 
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CYLINDRICAL PACKED BEDS 
'Or YAGI a WAKAO 

This value was used to calculate q for 
all of the data in series C of Table 2. 

The linear velocity of the flowing 
water was greater than 1 m./sec., and 
the temperature rise of the water was 
less than 1°C. through the packed bed; 
therefore the mean temperature of 
water was taken as the temperature of 
the heat sink as shown in Figures 2, 3, 
and 4. The resistances for thermal con- 
duction through the metal walls are 
negligible compared with th6se of the 
wall film in the packed bed. However 
the resistance of boundary film of the 
cooling water must be considered, even 
though the necessary corrections are 
a few per cent for every case. The heat 
transfer coefficient of the cooling water 
under the conditions in the experiments 
was estimated to be 3,670 kg.-cal./ 
(sq.m.) (hr.) ("C.) from the Dittus- 
Boelter equation. A corrected value for 
the wall film coefficient of heat trans- 
fer on the inner tube surface was cal- 
culated from 

The values obtained in this way from 
series A to G are shown in Table 2 and 
correlated in Figures 9, 10, and 11, 
where the data for the wall film coeffi- 
cient of heat transfer on the outer sur- 
face are omitted. 

For the over-all heat transfer system 
in the annular packed bed shown in 
Figure 5, the temperature difference be- 
comes too small to determine h,, accu- 
rately, because both the surface area 
and the thermal conductivity of the air 
for the outer tube surface are larger 
than those of the inner tube surface, 
the ratio of their effects being A,,.k,,/ 

Even though the data for At, are thus 
not so reliable as those for At,, the ex- 
amples of calculated h,, are shown in 
Figure 12, where the two lines A and B 
are the correlations for h,,.D,/k, on 
the inner tube surface for the same 
packings respectively. 

To indicate the deviations of the ob- 
served value from the correct one when 
there is considerable difference between 
the temperatures of inlet and outlet air, 
the effects of the temperature of pre- 

A,,.k,, = 0.247. 

heated air are shown in Figure 7. Since 
the mean tem erature of the annular 

of the outlet air, is about 80°C. for the 
runs in Figure 7, the correct values of 
k./k, and h,,.D,/k, should be the 
values corresponding to 80°C. on the 
abscissa. The deviations from the cor- 
rect data do not exceed 10% if the inlet 
temperature is kept within 80" -t 15°C. 

packed bed, w L 'ch is the same as that 

DlSCUSSlON 

As for the values in the common 
cylindrical packed beds, the data of 
k./k, obtained here are correlated by 
the following equation, which was de- 
scribed theoretically in a previous pa- 
per ( 1 2 ) :  

The values of (ap) are correlated 
with the ratio (D , /D . )  in Figure 8. 
Values of k",/k, calculated by Equation 
(15) of the authors' previous paper 
( 1 2 )  nearly coincide with the experi- 
mental data as shown in Figures 9, 10, 
and 11 of this paper. The effects of the 
thermal conductivity of the packings 
seem to be considerable, especially 
under flow conditions of low Reynolds 
number. 

Figure 3 shows the existence of the 
thermal resistances at the tube surface, 
or the wall film coefficients of heat 
transfer, when NRsM = 0. In Figure 3 
the temperature differences on both 
tube surfaces are too small to get the 
accurate data in the case of 0.57-mm. 
glass beads. On the other hand for 
large ratios of the packing diameter to 
the thickness of the annular space of 
the packed bed, 0.467 and 0.515 for 
the cases of 11.2-mm. steel balls and 
12.3-mm. glass balls respectively, tem- 
perature measurements scatter as shown 
in Figures 3 and 4. For the other pack- 
ings the temperature differences were 
determined easily, and so there are 
comparatively small deviations from 
correlations for these cases, Figures 9 
and 10. 

The following formula for heat trans- 

CYLtNDRlCAL PACKED BEDS 
YAGl a WAKAO 

-0 40 ' I 1  0 LEAD SHOT 0.765-1.5mm 
O S T E E L  BALLS 3- Imm 

0 
0 200 400 600 000 

NRBM = DpG//" 

Fig. 14. Correlation of data observed by Yagi 
and Wakao (13) in cylindrical packed beds. 

SPHERES D~/DT - 0.0417-0.0722 

~ ~ & & ~ E  A GLASS 13.3 m m  

CLINKER 
I -BI -2 -6mm 

20 L 

0 " ' i " ' i l ' l  500 1000 

N R e ~  = D p G / P  

Fig. 15. Correlation of data by Felix (4, Plautz 
and Johnstone (8). and Yagi and Wakao (13) 

in cyiindrical packed beds. 

fer coefficient was obtained here. It is 
similar to that for effective thermal con- 
ductivity but differs very much from 
previously reported equations for h,: 

The value of (a,,) suitable for Figures 
9, 10, and 11 is 0.041 in these experi- 
ments on the annular packed beds, and 
the values of h,". D,/k,  are shown in 
Table 3. 

With reference to the wall film co- 
efficients on the outer tube surface, 
there are few reliable data in these ex- 
periments, as mentioned above. How- 
ever comparing Figure 12 with Figure 
10, one can reasonably consider that 
there are no fundamental differences 
between the two correlations for both 
the walI film coefficients. 

APPLICATION OF NEW EQUATION 
TO CYLINDRICAL PACKED BEDS 

If one assumes that there are no 
fundamental differences between the 
heat transfer mechanisms in cylindrical 
and annular packed beds, the recent 
and reliable data directly measured by 
Felix ( 4 ) ,  Plautz and Johnstone ( 8 ) ,  
and Yagi and Wakao ( 1  3 )  may be cor- 
related with the modified Reynolds 
number D;G/p as shown in Figures 13 
to 16 for each value of D,/DT. Thus 
Equation (14) can be applied to the 
experimental values of h, obtained pre- 
viously by other observers for the com- 
mon cylindrical packed beds of spher- 
ical packings. However the values of 
(a,) in Equation (14) suitable for 
Figures 13 to 16 is 0.054, which is 
larger than the value 0.041 in the an- 
nular packed bed used here. Table 3 
shows the values of h,"-D,/k,. The 
difference between the two numerical 
values of (a,) may be attributed to the 
difference in the packing states for 
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Fig. 16. Correlation of data by Felix (41, Plautz 
and Johnstone @), and Yogi and Wakao (13) 

in cylindrical packed beds. 

particles in annular and cylindrical 
packed beds. Thus the fundamental 
mechanisms of heat transfer on the wall 
surfaces must be considered similar for 
both cylindrical packed beds and an- 
nular beds. 

For cylindrical packings Coberly and 
Marshall ( 3 )  and Felix ( 4 )  have re- 
sented experimental data of h, wEch 
are too scattered to be correlated by a 
simple equation. However if the data 
of h, are plotted for some narrow range 
of D,/& as shown in Figure 17, it 
can be assumed that the correlation 
similar to Equation (14) is appIicable 
for the cylindrical packings, even 
though the numerical values of con- 
stants may not necessarily be the same 
as those for spherical packings. 

Fig. 17. Correlation of data by Coberly and 
Marshall (3) and Felix (4) in cylindrical beds 

packed with cylindrical solids. 

THEORETICAL CONSIDERATIONS 
ON NEW CORRELATION 

The correlation obtained here so 
different from previously presented cor- 
relations, that is Equations (1) or ( 2 ) ,  
that neither the penetration theory ( 5 )  
nor boundary-film theory explains the 
real heat transfer phenomena near the 
wall surface in the packed beds. There- 
fore another model of heat transfer 
must be applied. 

Previously Kwong and Smith (7) re- 
ported the data for the radial distribu- 
tion of the effective thermal conduc- 
tivities in packed beds and showed the 
sharp decrease near the wall surface. 
These phenomena are considered most 
important in this paper in the analysis 
of the thermal resistance near the wall 
surface of the packed beds, especially 
under the %ow conditions of low 
Reynolds numbers. 

TABLE 3. h,,"D,,/k, FOR ANNULAR PACKED BEDS AND FOR CYLINDRICAL PACKED BEDS 

AmuIar packed beds, D. = 48 mm. 

Packing G/D* DP, -. hwi"Dp/k, 

Class beads 
Glass beads 
GIass beads 
Class beads 
Lead shot 
Steel balls 

0.0196 
0.0572 
0.106 
0.256 
0.0625 
0.233 

0.94 3.2 
2.75 7 
5.1 12 
12.3 19 
3.0 12 
11.2 25 

Cylindrical packed beds 

Packing D J D T  D,, mm. h, " D,/k, 

Glass beads and 0.021-0.036 0.76-0.91 1.2 
cement clinkers 

Celite balls and 0.0417-0.0722 1.81-3.18 3 
glass beads 13.3 6.5 

Celite balls, glass 0.0833-0.167 4.31-6.35 5 
beads and ce- 19.2 8 
ment clinkers 

Lead shot 0.021-0.042 0.77-1.5 3 

/ 
f ,  

Fig. 18. Model of heat transfer near wall s ir -  
face of packed bed. 

Schwartz and Smith (11) showed 
that the fraction void near the wall 
surface is larger than that in the core 
portion of the packed bed. It is reason- 
able to assume that the lower degree 
of 1atera.I mixing is the main cause of 
the sharp decrease in the effective 
thermal conductivity near the wall sur- 
face. 

In cases of analysis for wall fiIm co- 
efficients of heat transfer the average 
vaIues of the effective thermaI conduc- 
tivities in packed beds are determined 
by all observers. Thus the sharp de- 
crease of the effective thermal conduc- 
tivities near the wall surface looks like 
the existence of a definite thermal re- 
sistance at that point, which may be 
ascribed to a ffuid boundary film on the 
Wall. 

In Figure 18, which is the authors' 
model of heat transfer mechanisms near 
the wall surface in the packed bed, the 
following mechanisms are assumed, 
with the real film coefficient of heat 
transfer on the w d  surface considered 
to be caused only by the true 3uid 
boundary layer at the wall surface. 

a. Heat transfer through solid phases 
1. Heat transfer through the thin 
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Mean value in6 
packed bed 

work. 
Cylindrical packed bed DP/Dr = 0.15 a = 0.llf as = 0.054 
Annular packed bed DJD,  = 0.15 -a = 0.078 a, = 0.041 

0 Where @ is assumed to be 0.9. 
f Calculated from the correlation obtained in authors' previous paper (12). 

gas film near contact points 
2. Radiant heat transfer from 

solid surface to solid surface 
(Mechanisms 1 and 2 are par- 
allel. ) 

b. Heat transfer in void spaces, in- 
dependent of %uid flow 
3. Molecular thermal conduction 
4. Radiant heat transfer from void 

to void 
(Mechanisms 3 and 4 are par- 
allel.) 

c. Heat transfer in void spaces, de- 
pendent on fluid flow 
5. Heat transfer caused by the 

lateral mixing of the flowing 
fluid 

6. Heat transfer through the 
true boundary film 
(Mechanisms 5 and 6 are in 
series.) 

As shown in Figure 18 the mech- 
anisms a, b, and c can be considered 
in parallel. The heat flow by mech- 

Therefore for all ranges of NaeX 

h,Dp - h,'D, 
k, k, 

--- 

1 
1 + (19) 

Since there are no reliable data 
which can present the correct relation- 
ship between the real wall film co- 
efficient of heat transfer and the Reyn- 
olds number, an exact quantitative dis- 
cussion is impossible here. However it 
seems quite probable that the numerical 
values of h," predominate under condi- 
tions of low Reynolds numbers com- 
pared with h,= and that-in turbulent 
regions h,' is larger than ( h w ) t  for 
Reynolds numbers less than 2,000. 
Thus in the experimental Equation 
(14) is approximately equal to the 
ratio of the lateral mixing of flowing 
fluid, which was defined by Ranz (10) 

+ 1  

h,*Dp/k, a w N p , N R e x  

NOTATION 

A, 
b 

G 

h," 

= surface area of tube, sq. m. 
= ( D ,  - D , ) / 2  = clearance of 

= specific heat of fluid, kg.-cal./ 
annular space, m. 

diameter of annular packed 
bed, m. 

= diameter of inner tube, m. 
= diameter of outer tube, m. 
= average diameter of packings, 

= diameter of cylindrical packed 
m. 
- -  
bed, m. 

= mass velocity of fluid, kg./ 
(sq. m.) (hr. j 

- 

= wall &n coefficient of heat 
transfer in cylindrical packed 
bed, kg.-cal./ (sq.m.) (hr.) 
("C.) 

= wall film coefficient of heat 
transfer in packed bed with 
stationary fluid, kg.-cal./ 
(sq. m.) (hr.) ("C.) 

= wall film coefficient of heat 
transfer on surface of inner 
tube in annular packed bed, 

as kg. - cd./ (sq.m. j(hr.) ("C.)  ; 
Mass velocity of fluid flowing in the direction of heat and mass transfer 
(near the wall surface) 

Mass velocity of fluid based on sectional area of empty tube in the 
direction of fluid flowing 

h,," 
h,; 

= that with stationary gas. 
= uncorrected value of wall film 

coefficient of heat transfer on 
surface of inner tube in an- 
ndar packed bed, kg.-cal./ 
(sa. m.) (hr.1 ("C.1 

a* = 

anism 5,  namely by the lateral mixing 
of flowing fluids, is defined here as Q 
kg.-caI./ (sq.cm. ) (hr.), which can be 
presented with Q=GCpa,,tt-GCpa,t, 

Therefore the heat transfer coefficient 
by lateral mixing can be calculated as 

(hw),  = - - - a,GCP (15) 
t ,  - t" 

= GCflU..(t, - t , ,).  

Then 

The mechanisms a and b can be as- 
sumed independent of the fluid flow, 
the constant term h," presumably origi- 
nating from the above mechanisms. 
Therefore, considering the heat trans- 
fer mechanisms mentioned above, one 
can give the apparent wall film coef- 
ficient of heat transfer by 

The numerical values of a,  are com- 
pared with those of a for the mean 
value of the effective thermal conduc- 
tivities in Table 4. ,The ratios of LY, to Q 

are almost M for both cases. Therefore 
it can be assumed that the degree of 
lateral mixing decreases near the waIl 
surface to about half of that in the core. 

CONCLUSIONS 

The data for the wall film coefficient 
for the inner tube surface can be cor- 
related with the new formula, namely 
Equation ( 14). The data previously 
presented for the wall film coefficient 
of heat transfer in the ordinary cylin- 
drical packed beds by the other ob- 
servers are replotted on Cartesian co- 
ordinates, and it is found that the above 
correlation, that is Equation (14), can 
be applied for these cases as well. The 
new correlation obtained by the au- 
thors is so different from the correla- 
tions previously presented that a new 
model of heat transfer near the wall 
surface in the packed beds must be ap- 
plied in order to explain it. 

A.1.Ch.E. Journal 

\ - 1  I > 

ha* = wall film coefficient of heat 
transfer on surface of outer 
tube in annular packed bed, 
kg.-cal./(sq. m.) (hr.) ("C.) 

= wall film coefficient of heat 
transfer caused from bound- 
ary layer on wall surface, kg.- 
cal./(sq. m.) (hr.) ("C.) 

( h , ) ,  = heat transfer coefficient con- 
cerning heat flux in void 
space of packed bed, kg.-cal./ 
(sq. m.) (hr.) ( " C . )  

( h , )  , = heat transfer coefficient 
caused from lateral mixing of 
fluid, kg.-cal./(sq. m.) (hr.) 

= mean effective thermal con- 
ductivity in packed bed, kg.- 
cal./(sq. m.) (hr.) ("C./m.) 

= mean effective thermal con- 
ductivity in packed bed with 
stationary fluid, kg.-cal./ 
(sq. m.) (hr.) ("C./m.) 

= thermal conductivity of %uid 
flowing in packed bed, kg.- 
cal./(sq. m.) (hr.) ("C./m.) 

= DpG/p = Reynolds number 
= lateral heat flux by mixing 

h,' 

("C.) 
k ,  

k," 

k, 

Npr = C v p / k ,  = PrandtInumber 
NR, ,  
Q 
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through void space in 
bed, kg.-cal./(sq. m.) 

= purely radial heat flow in an- 
nular packed bed, kg.-cal./ 
(b.1 

= heat loss from test section of 
annular packed bed, kg.-cd./ 
(h.1 

= purely radial heat flow in an- 
nular packed bed for blank 
test, kg.-cal./ (hr.) 

= purely radial heat flow in an- 
nular packed bed with sta- 
tionary fluid, kg.-cal./ (hr.) 

= mean temperature of fluid in 
void space, "C. 

= mean temperature of fluid in 
void space nearest to wall 
surface, "C.  

= apparent temperahire differ- 
ence in annular packed bed, 
"C. 

= apparent temperature differ- 
ence in annular packed bed 
for blank test, "C. 

= apparent tem erature differ- 
ence in ann P ar packed bed 
with stationary fluid, "C.  

= apparent temperature differ- 
ence on inner tube surface of 
annular packed bed, "C. 

= apparent temperature differ- 

ence on outer tube surface of 
annular packed bed, "C.  

= rate of vapor condensation in 
annular packed bed, kg./ 

= rate of vapor condensation in 
annular acked bed with sta- 

= rate of vapor condensation in 
annular packed bed for blank 
test, kg./ (hr.) 

V 

(b.) 
V. 

tionary H und, kg./(hr.) 
V' 

Greek letters 

ff = (mass velocity of fluid flow- 
ing in direction of heat or 
mass transfer) / (mass velocity 
of fluid based on sectional 
area of empty tube in direc- 
tion of fluid flowing) 

a, = above value near wall surface 
in ackedbed 

/3 = (egective length between 
centers of two neighboring 
solids in direction of heat 
flow) /(average diameter of 
solid) 

= latent heat of vapor conden- 
sation, kg.-cal./kg. 

(hr. 1 

Y 

c = void fraction of packed bed 
P = viscosity of fluid, kg./(m.) 
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Thermodynamic Consistency of Binary Liquid- 

Vapor Equilibrium Data When One 

Component Is Above I ts  Critical Temperature 
S. 6. ADLER, LEO FRIEND, R. L. PIGFORD, and G. M. ROSSELLI 

The M. W. Kellagg Company, New York, New York 

Methods are developed for testing binary system phase-equilibrium doto for thermodynamic 
consistency when the more volatile component is above its critical temperature. The isothermal 
case with varying pressure and the isobaric cose with varying temperature are considered in- 
dmdually. The rigorous form of the Duhem equation is  employed rather than the simplified one, 
which for binary systems is  inconsistent with the phase rule. Although derived for the specific 
case given in the title, the relationships developed ore applicable to all conditions of binary 
systems. Sample calculations illustrating the methods are included. 

As the design procedures originally With this has developed the need for 
applied to petroleum plant distillation establishing the thermodynamic con- 
problems have spread to the chemical sistency of such information. Consider- 
and petrochemical fields, there has able attention has been given to this 
been an increasing need to use labora- subject in the literature (1, 4 to 8, 13, 
tory-obtained phase-equilibrium data. 17).  

All methods published for making 
the necessary thermodynamic tests for R. L. Pigford is at the University of Delaware, 

Newark. Delaware. 

reliability are based on some form of 
the Duhem e uation. Some authors 
(7, 17) have agowed for the fact that 
a binary system cannot change in com- 
position when both temperature and 
pressure remain constant; others have 
not. A few have included a correction 
for the nonideality of the vapor phase 
above the solution. Most of the methods 
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