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Heat Transfer to Air Flowing through
Packed Tubes

Abstract A study has been made of the transfer of heat from a
heated wall to air flowing through packed beds in a tube of 1 in. diame-

ter. The data are correlated by equations .

(a) for 2;7G—<1600; G<7900,

th . Dp —1.13 £ —{0. 00 DpG] 1.17
Y 134(&] (a) (7
(b) for 1600<%<3500:
—1.82} -~ 50 e
. el ) e
K D D, o

m =0. 55(1—&)0‘155

The thermal conductivity of the packing has no influence in region
(a) but affects the transfer in region (b) . The flow rates used were
lower than those reported by Leva et /0%, but it appears likely that
the present data trend to agreement with the functions proposed by Le-
va as the flow rate is increased.

The most significant features of these results are that in the flow
ranges studied the length of the packed tube is an important variable,
but the packing diameter has little effect on the heat transfer.

As part of the study of heat transfer in packed bed catalyst tubes, tests were
made of the heat transfer from a heated tube wall to gas flowing through packing
within the tube!*), The primary object of these tests was to assess the effect of
packing diameter to tube diameter ratio, packing length to tube diameter ratio
and the effect of thermal conductivity of the packing material, as previous publi-
cations did not consider these factors!!™%). Owing to the limited apparatus avail-
able the flow rates were restricted to below 2000 1b/sq ft * hr based on the empty
tube cross-sectional area. The packings available gave a 50 : 1 range of thermal

—1 =



conductivity. The L/D, ratio was varied over a 4 ¢ 1 range. During the course of
this work Leva et aliz'*1*] published data from similar studies. Their ranges of
flow.lav rate were mainly higher than those reported below, and it is considered that
the present data are complementary to those of Leva. This consideration has

been included with the discussion of the results.

Experimental Technique

The apparatus used is shown in Fig. 1 incorporating the inlet and outlet sec-
tion s found most suitable after trials of various designs to minimise the errors in
measurement of terminal temperatures for the air
stream. The coned inlet section reduced the distortion
of flow distribution to the packing and provided insula-
tion to reduce heat transfer to the air from the inlet A

tube below the flange. The cork insulation at the outlet

N Rubber
Cork

was drilled as shown to exclude radiation from the

packed bed to the thermometer measuring the gas tem-

perature. The 1 in. bore copper tube and the 2 —1~in.

2

bore jacket were reduced in stages from the length

shown in Fig. 1 to give heated lengths of 48, 42, 36,

30, 24, 12 in. After each reduction in length the con-
nections to the inner tube and the dimensions of the

outlet head were re-made to those in Fig.1. In each

case the copper tube was filled with packing to the level
of the top of the steam jacket, the effective length L
quoted below being the steam-heated length. The cork
inserts at the inlet and outlet reduced the error pro-
duced by heat transfer from the tube walls outside the
nominal heating length. The packings used were all ei-

ther spherical or nearly so, and of smooth surface. The

Socony-Vacuum { ‘Sova’) catalyst beads were not uni- P=Manoneter connection
C=Condensate

form in size. The mean diameter of a large number was

0. 145 in. The glass beads were sufficiently near unifor-  Fig-1 Heat transfer

mity to consider them of constant diameter and pack- apparatus.

_2__



ings were used with D,=0. 191 and 0. 0388 in. The lead shot were uniform in di-
ameter and packings were used of D,=0. 255, 0.182, 0.126, 0. 0951, 0. 0426 in.
Polished steel balls of diameter 0. 250 in. were also used.

The packing was supported on a perforated plate drilled with % in. dia.

holes spaced Tlé in. apart. A disc of 60 mesh gauze was placed between the pack-

ing and the perforated plate.

The air to the heated tube was supplied through capillary flowmeters cali-
brated by the plotting technique of Whitwell™. The flow was smoothed suffi-
ciently to reduce pressure fluctuations at the inlet to the bed to within | mm in
700 mm water gauge pressure difference across the packed bed. The temperature
and pressure of the air were measured at stages through the meters and supply
tuhes for estimation of the mass flow rate and frictional energy loss in the bed.
Steam temperatures were measured with thermometers at the inlet and conden-
sate outlet to the steam jacket, since sufficient excess steam was used to blow
through the vents to remove rapidly noncondensible gases and condensate. and
the pressure in the steam space was greater than atmospheric.

The temperatures of the air stream at inlet and outlet to the packed bed were
measured with thermometers graduated to 0.1°C and appropriately calibrated.
Even in this small apparatus tests had to be made for times up to an hour at the

low air rates for steady state conditions to be attained.

Experimental Results

Tests were made for various air rates covering the range available from the
existing equipment in the laboratory. The series of packings were used for tests
of different tube lengths to assess the effect of the ratios of tube diameter to
packing diameter and of the tube length to tube diameter. The results of these
tests are exemplified in Fig. 2, 3, 4, 5. The data in Fig. 2 show the effect of vari-
ous packing diameters using a fixed tube length, while those in Fig- 3,4.5 are for
one packing and various lengths of bed. The surface conducting and various
lengths of bed. The surface conductances reported for transfer in packed beds
were based on the mass flow rate and mean temperature changes of the air
stream, the tube inner surface, and the logarithmic mean of the terminal tempe-
rature differences between the steam and air streams . The thermal resistances

_..3__



for the steam side and the cop- 100
per tube wall were negligible in 60
comparison with that of the air
stream and the temperature of 20
the inner face of the copperl,;
tube couldbe taken as that ofé":
the steam without appreciable ¢
error. The values of the physi- ,
cal properties of the gas used in
graphs and correlations were
assessed for the mean tempera-
ture of the air in the packed
bed.

The data all show lines of
the same gradient for flow con-
ditions  below a  specific

DG

Reynolds Number, ——, for

‘L{
each packing and tube length.

DG
oG is af-

The critical value of

fected by packing dimension
(Fig. 2) but is almost indepen-
dent of packed length (Fig. 3, 4,
5) . As this breakpoint was to
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Fig. 2 The effect of packing on the relationship

hD
between Nusselt number —Kl and

Reynclds number

D,G

packing length=30 in, =L

tube diameter=1 in. =13,

Packing Symbol D, in. Run
lead shot ] 0. 255 56
) 0.182 57
Fa% 0.126 S8
| 0. 085 59
A4 0. 0426 60
glass spheres + 0. 191 54
X 0. 0388 61
steel balls A 0. 250 55
sova beads O 0. 145 62

be used as a limit dividing two possible correlation regions of the present data, it

was of value either to define its variation or to express it in constant terms. It

. " D
was found that the variation in the critical Reynolds Number, %G, of 56~400

in. Fig. 2, 285~350in. Fig. 3, 340~460in. Fig. 4, 390~450 in. Fig. 5 was re-

duced considerably by using the analogous expression for the tube diameter. The

DG . .
groups above gave mean values for e of 1660 for the Fig. 2, 3, 1560 for Fig. 4

and 1610 for Fig. 5, most of the values lying well within +10% of the mean. A

value of 1600 was accepted for all packings and tube lengths as a critical value of

DG

T being the upper limit of the correlation region at low flow rates.
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18 ® 43 30 Fay 54 48 O 43
12 O 47 | 24 © 64 30 4 55
24 © 65
36 A 51 12 O 68 12 o 69
Glass spheres D,=0. 81 in. Steei balls I}, ==0. 250 in.
Fig. 3 Fig. 4

DG
Correlation for T"( 1600

The data in Fig. 2, 3, 4, 5 show a common relationship
kD, DGy
—_ = &
e =]
where a is probably a function of D,/D; and of L/D,. The data for L= 30 in. in
Fig. 6 agree with the function

(1)

D,
and the data for the other lengths have similar functions with £ as a probable
function of L/D,.

The value # is shown in Fig. 7, to conform to

DDIJ —1.13

a=pf ()

L
=75

The value of ¥ is independent of the other packing characteristics, particu-

(3

']—0.90

larly thermal conductivity, the data for all packings and tube lengths tested for
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Fig. 5
Lead shot

Fig. 3, 4 and5. The effect of length of heat transfer surface on
the variation of surface conductance with flow rate.

DG . . .
“— <1600 being in close agreement with the equation
hD D -—-1.13 IJ —0.9 D T 117
—owilp| (5] [ @

which has thus correlated data for the ranges; D,/D, from 0. 0388 to 0. 255 and
L/D from 12 to 48 based on the 1 in. bore tube. It will be noted that in the
derivation of eq. (4), as with eq. (8), the dimension D, has been introduced in
the conventional ratios D,/D, and L/D, but has not been tested as an independent
variable. The work of Leva et alii"'~* suggests that correlations of the forms

used here will cover the effect of D..

DG
Correlation for 1600<T<3500
Unfortunately the equipment available limited the air flow rate to that corre-

. DG .. .
sponding to —#—23500, but the range of data appears to be sufficient to justify

.___6__
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Fig. 7 The effect of heating
Fig. 6 The effect of packing DG
DG length when T<1600
diameter when ,c; <Z1600

the following correlation.

For '; >>1600, i.e. above the break point on each line in Fig. 2, 3, 4, 5 the

gradient of the plots decreases below 1.17. On Fig. 2 it seems that this lower
gradient remains almost constant for various particle sizes at constant L/D, ratio,
though on Fig. 3, 4, 5 the gradients vary considerably for different Z./D, ratios.
With the limited data available (Table 1) the gradient may be assumed dependent
only on the length of the packed beds. The plot in Fig. 8 shows the straight line
drawn through the values for glass beads, and this line is in reasonable agree-

ment with the data for the other materials. The lines on Fig. 2, 3,4, 5, thus sug-
gest the form

hD DG
t_ K]( b )m (5)
x H
2.0
Packing Symbol | D, in. 1
glass balls x 0.191 £ ’- . L
g0k ———
steel balls A 0. 250 g - A
lead shot ® 0.255 10 2% s B

Fig. 8 The effect of heating length on the function of

]

when 1 GOO<P;—? <3500

From Fig. 8.

(6)



