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Correlations for Adsorption of a Binary Gas
Mixture on a Heterogeneous Adsorbent —
the Methane-Ethane-Silica Gel System

SHIGEHIKO MASUKAWA and RiKI KOBAYASHI

Williom Marsh Rice University, Houston, Texas

Correlations for the adsorption of a binary gas mixture on o heterogeneous adsorbent have
been developed for both mobile and immobile models. Experiments determined the form for
the expression of the surface heterogeneity, and only one dimensionless constant for the

molecular size was required.

The correlations were tested by experimental data on the system methane-ethane-silica
gel. For the some amount of adsorption the root-mean-square deviation of calculated versus
experimental fugacity ranged from 4.1 to 5.2% for methane and from 2.7 to 3.4% for ethane
at 5.0, 15.0, 25.0, and 35.0°C. for surface coverage ranging from zero to monolayer and for
the complete composition range. The system ot these conditions is classified as highly mobile
based on examination of spreading pressure curves, both experimental and calculated based

on the correlations.

The effect of surface heterogeneity of the adsorbent on
the adsorption isotherms of gases has been studied by sev-
eral investigators (4, 5, 7, 11, 13). The theories cover
localized (immobile) and mobile adsorption, with and
without lateral interactions among the adsorbates. Surface
heterogeneity is usually given in terms of the probability
distribution of the adsorptive energy on the surface of the
adsorbent. Some mathematical expressions used for the dis-
tribution of the adsorptive energy have been a step func-
tion (4), a truncated sine function (4), exponential func-
tions (2, 13), Gaussian functions (11, 13), and a log-
normal function (7). The mathematical expression for a
specific gas-solid system and the amount of the lateral in-
teraction energy among adsorbates with respect to the
total adsorptive energy are difficult to determine.

An empirical determination of the distribution function
was first attempted by Sips (12). He assumed a Freund-
lich type adsorption isotherm and then determined the re-
sulting expression for the surface heterogeneity. Honig and
Hill (6) followed Sips’ approach but still assumed a par-
ticular form for the adsorption isotherm.

In this work an empirical determination of the distribu-
tion function of the adsorptive energy has been made
without assuming a particular type of adsorption isotherm.
The adsorptive energy, including the lateral interaction
among adsorbates, is assumed to be a function only of the
surface coverage at a constant temperature, although the
form of the function is not known. Isothermal derivations
for both mobile and immaobile adsorption models for binary
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gas mixtures have been made. Experimental data required
are fugacity versus the amount of adsorption for both pure
components for the pure state and fugacity versus the
amount of adsorption ratio for the infinite dilution of one
component in the other. These data are easily obtained by
a chromatographic method (8, 9). Experimental data on
the system methane-ethane-silica gel have been used to
check the correlations at ambient temperatures up to about
monolayer adsorption.

THEORETICAL
MOBILE ADSORPTION

Fundamental Formulations

The derivation by Hill (3) for the isotherm for mobile
adsorption of a pure component was based on a van der
Waals type formulation. The adsorbed phase has been
defined elsewhere (8). When modifications are made for
the application to a binary gas mixture of different molecu-
lar sizes and for a three-dimensional expression in place of
the two-dimensional expression, the resulting partition
function of the adsorbates in a mobile model is
) N1+N32

Om = [;ﬁ,‘i,‘l imea/ (N1 No! )] (V— by Ny — by N,
exp {[N1 En,1(0m) + No Eps(0,)1/(kT)} (1)

The surface coverage, 8, is defined by
-Om: (bl N1+b2 N2)/V (2)
The chemical potential, x, and the fugacity of a spe-
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cies j are related to the partition function by
wy/ (kT) = p?(T)/(kT) +1In fi=—dln Qun/oN; (3)

The spreading pressure, =, of the adsorbed phase is de-
fined as the conjugate intensive quantity of the surface
area of the adsorbent. Therefore

7/(kT) = 8In Qu/dA=h oln Qu/aV  (4)

Adsorptive Energy

From Equations (1), (2), and (3) the fugacities of
the two components are given by

(n f{)m=In Ny~In (V—>b; N;— b, Ny)
+ bi(N1 + N3)/(V—by Ny— by N;)
~A{Em.1(0m) + (b1/V) [Ny E'p;(6m)
+ N2 E'm2(8n)1}/(kT)
= fma—m®(T)/(kT) (5)
{(In fo)m=In Ny—In (V—>b; N;y— b, N;)
+ bs (N1 + N2)/(V—Db1 Ny— by N,)
—A{Em2(0m) + (ba/V) [N1 E'1(0m)
+ N E'mpa(0m)1}/(KT)
—In jmz—pe(T)/ (KT) (6)

An isothermal, composition independent, function of &,
may be defined from Equations (5) and (6) as

ém(0n) = In (fiN1) — (b1/bz) In (f2/Ny)
= [(b1/bz) —1]1In (1 — )
+ [(b1/b2) Emz(0m) — Em,1(0m) 1/ (KT)
+ [(b1/b2) —1]1In V + C3 (7)

The jm,; and u;°(T) terms are contained in C;, which is
assumed to be constant at isothermal conditions. Plots of
the empirical grouping [In(fi/N1) — (b1/bg) In (fo/N2)]
vs. 8m should, therefore, coincide to form a single curve
when the ratio (bi/bg) is correctly chosen. A trial and
error procedure is used on the ratio of the molecular vol-
umes (by/by) until the plots converge. The function &,
is taken as the curve from which the plots give the small-
est value of the root-mean-square deviation.

For the adsorption of the pure components Equations
(5) and (6) reduce to

In(f1°/N1°)m =
—In (V—by Ni°) + biNy°/ (V — by Nv°)
— [Em1(m) +(b1/V) Ni® E',s(8)1/(KT)
—In jma—m°(T)/(KT) (5a)
In(f2°/No®)m =

—1In (V— by Ny°) + byNy°/(V — by Ny°)
— [Ena(0m) + (D2/V) No® E’p 9(0m)]/(kT)
—1In jmo—m®(T)/(kT) (6a)

At constant coverage, 0m = biN,°/V = by;Ny°/V, and
the difference of Equations (5a) and (6a) gives the func-
tion

The experimental data determines the functions &y, (8y)
and ¢, (0,). Therefore, the average adsorptive energies
E may be solved. Equation (8) is a differential equation
of {[Emz2(6m) — Em1(6x)]/(kT)} with respect to 6m,
which may be solved to give

l!lm(em) = [Em,z(am) - Em,l(om)]/(kT)
= (1/.0,7,) .f [¢m(0m) _C4] dom (9)

The initial condition ,,(0) = finite was used.

Equations (7) and (9) can be solved simultaneously
for the surface heterogeneity; that is, the average adsorp-
tive energy E

En(6n)/ (kT) = [bs dm(0m) — by £m(6m)1/ (b — by)

—In (1—6y) +Cs (10)
Em,Z('am)/(kT) = b2 [‘l’m(em) “'fm(om) ]/(bz - bl)
—In (1—0u) + Cs (11)

Correlation

The insertion of Equations (10) and (11) into Equa-
tions (5), (5a), (6), and (6a) and rearrangement at the
restriction of constant coverage leads to the simple rela-
tions

[In (f1/Ny) —In (f1°%/N1°) 1 = — (b2/V) N2 € (6m)
(12)

[ln (fZ/N2) - ln (fZO/N2o) ]m = + (b2/V) Nl f,m(a(ni)g)
By introducing the definitions

Nm®* = Ny + (ba/by) Ny = (V/by) b (14)
Em(Nmﬁ/A) = fm(gm) (15)

Alternative forms for Equations (12) and (13) are ob-
tained

[In (fi/Ny) —In (f,°/N1°) 1pp =

— (by/by) (No/A) B/ m(Nn®/A)  (12a)
[In (fo/N3) —In (f2°/No°) 1, =
+ (bs/by) (Ni/A) B n(Np*/A)  (13a)

When the pure component isotherms are known, the
mixture isotherms can be calculated from Equations (12a)
and (13a), where the ratio (b;/b;) and the function
Em(Np®/A) are determined empirically by the procedure
given below Equation (7). The correlations in Equations
(12a) and (13a) are suitable for the calculation of fu-
gacities corresponding to a fixed amount of adsorption.

IMMOBILE ADSORPTION

Fundamental Formulations

The following derivation for the isotherm for immobile
adsorption is based on the formulation by Hill (4) for a
pure component. Modifications have been introduced for
a binary gas mixture of two different molecular sizes
which, therefore, cover different areas of the adsorbent
per adsorbed molecule. The distribution of the chain links
of a molecule (for example, ethane is two; propane is
three methyl links) on the adsorption surface is similar to
the case of a polymer molecule in a liquid (1).

The resulting partition function of the adsorbates in an
immobile model is

¢m(0m) =In (f1°/N1®)m—In (f2°/No®)m NiNg
= {[Em,2(0m) — Ep,1(0m) ] Q,- = < H Wik (N4 Ny 711’\’11 Ill\ig
+ Om [E'm2(0m) — E'm1(0n)1}/(KT) + Cs (8) ik
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exp {[N1 Ei1(6;) + N3 Ei2(6)1/(kT)} (16)
The surface coverage, 6;, is defined by
;= (my Ny + my N2)/M (17)
1t is shown that

NiNg
In Wik
Il

=InM —In(M—my Ni—my Np)!

+ (NMi+Nz)In ¢

+ [Ny (my—2) + Nz (mg—2)1In (c—1)

— [Ny (my—1) + Ny (my—1)]In M (18)

Relations similar to the mobile model arise for the fu-
gacity and spreading pressure of the immobile model.

In f;=—2dln Qi/dN;— p;>(T)/(kT) (19)
/(KT = dln Q/6A = (1/a) aln Q/aM  (20)

Adsorptive Energy
From Equations (16), (17), (18), and (19) the
fugacities of the two components are

(In f1});=In Ny—m; In (M—m; Ny—mg Ny)
+ (my—1)In M
—{Ei1(6:) + (my/M) [Ny E'i1(6:)
+ Ny E’i3(6:) 1}/ (kT)
—In ji1 —p®(T)/(KT) + (m1—2) In (c— 1)
+mhec 21)
(In f3)i=In Ny—my In (M —m; Ny—mg N;)
+ (mp—1)In M
—{Ei2(6:) + (mo/M) [N1 E's,1(6;)
+ Ny E'i2(6:) 1}/ (kT)
—In fia—w’(T)/(kT) + (m2—2)In(c—1)
+Inec (22)

The arbitrary isothermal, composition independent, func-
tion only of coverage for the immobile model is defined as

£(6;) = In (fi/Ny) — (my/my) In (f2/N3)
= [{my/my) Ei(8) — Ei1(6:)1/(kT) + C¢  (23)

The ratio (m;/my) and the function £(6;) are deter-
mined experimentally in the same manner as described
for the mobile case.

In a similar fashion Equations (21) and (22) for pure
component adsorption at a constant coverage lead to

$:(8:) = In (f°/N:°) —In (f2°/N2°)
= (mg—my) In (1 —6;)
+ [Ei2(8:) — Ei1(6:)1/(kT)
+ 0 [E(6:) — E(6:) 1/ (KT) + C; (24)
Again
vi(8:) = (1/6;) f [¢:(8:) — C7] db; (25)
The solutions for the adsorptive energies are
E;1(6:)/(kT)
= [my $:(6;) —mg &(6) + my Cgl/(me—my) (26)
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Ein(8:)/(kT) = [ (6:) — &(6:)
+ Cglmy/(my—my) (27)

Correlation
Essentially the same correlations as for the mobile model
result for the immobile model

[In (fi/N1) —In (f2/Ny°) 1, = — (ma/M) Ny £3(6:)
(28)

= — (mg/my) (Np/A) Bi(N:*/A) (28a)
[ln (fo/Ng) —In (f2°/N2°) 1, = + (mo/M) Ny £:(8:)
(29)
= + (mg/my) (N1/A) E'i(N;*/A) (290)
using the definitions
N;* = Ny + (mg/my) Np = (M/my) 6; (30)

Ei(Ni*/A) = &(6:) (31)

SPREADING PRESSURE EXPRESSIONS FOR
BOTH MODELS

Expressions for the spreading pressure are obtained
from Equations (1), (2), (4), (16), (17), and (20); and
from the energy functions, Equations (10), (11), (26),
and (27).

[Ax/ (kT) Im
= (N1 + Nz) + [bo/(bs —b1)] (N1 + Nz) On €'n(0,)
— [1/(ba—b1)] (6m)* ¥'m(0m) (32)
[Ax/(kT)]i =
—M[6i+In(1—6)]+ (Ni+N)
+ [ma/(mg—my)16; €:(6:)
— [1/(my—mq)] (6:)% ¥i(6:) (33)
Alternate expressions in terms of N* in place of ¢ are
[A7/(kT)Im = (N1 + Np)
+ [ho/(by—b1)T (Ni + No) (N*/A) En(N®/A)

— [b1/(bz—b1)] f(Nm*/A) @'m(Nu®/A) d(Nu®/A)
(32a)

[An/(kT)]; =
—[m: N* + M In (1 —my N;*/M)] + (Ny + Ny)
+ [ma/(mg—my)] (N1 + Np) (Ni*/A) B i(N:*/A)
— [ma/ (mg—my) f(N;*/A) @'3(N;*/A) d(N;*/A)

(33a)

using the definitions
P (Nm®/A) = ¢ (0m) (34)
@i(Ni*/A)= ¢:(6:) (35)

DISCUSSION

Fit of Experimental System to Correlations

Extensive experimental data (9) on the methane-
ethane-silica gel system were used to evaluate the cor-
relations presented above. Eight mixtures from pure meth-
ane to pure ethane, whose compositions are listed in Table
1, were used. The average value of the adsorptive energy
and the absolute adsorption as measured experimentally
(9) were used for the correlation study.
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Fig. 1. Plots of Function E(N*/A) vs. (N*/A) for some choices of
fitting constant « (=by/bs or mi/ms), methane-ethane adsorption
on silica gel at 25°C.
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TasLE 1. ComposiTIONs oF GAs MIXTURES

Mixture #1 #2 #3
Methane 99.98 98.56 94,27
Ethane 0.02 1.44 5.58
air & others —_— —_ 0.15

The effect of varying the fitting ratio
o= by/by or

was found by plotting the experimental fugacity groups
versus the coverage 6, as given by Equations (7) or (23),
for an isotherm. Some typical examples are given in Figure
1 for compositions number 1 and 8 at 25°C. As « varies
from 1.0 to 0.5, the set of curves approach each other and
converge and then begin to pull apart. Values of « for
which the best convergence was obtained at the four tem-
peratures are given in Table 2. The root-mean-square

my/msy
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Fig. 2. Best fit for Function E(N*/A) vs. (N*/A) at « = 1/1.38

and the derivatives, DE(N*/A)/O(N*/A) and (N*/A}[DE(N*/A)/

O(N*/A)], as functions of (N*/A) for methane-ethane mixtures ad-
sorption on silica gel at 25°C,
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#4 #5 #6 #7 #8
89.42 79.49 60.07 33.60 0.00
10.58 20.51 39.79 66.40 99.94

— — 0.14 —_ 0.06

deviation at each temperature for all compositions from
the average curve, E(N®/A), is also given. Figure 2 shows
the results at 25°C. for the average curve 2(N®/A) and
its derivatives as functions of (N®/A) using the best value
of « = 1/1.38.

The pure component case, defined by the empirical
function in Equation (8), converted to the same basis
(N*/A) by Equations (34) or (35), gives the results
shown in Figure 3.

TABLE 2. FiTTING CONSTANT o FOR BEST CONVERGENCE OF
E(N*/A) anp RooT-MEAN SQUARE DEVIATION

Temperature, °C. 5.00 15.00 25.00 35.00
o« == bl/bz or m1/m2 1/1.34 1/1.36 1/1.38 1/1.40
VEE (N/A)] 0.0260 0.0250 0.0202  0.0213

Other ratios for comparison; methane-ethane system

ratio
Two-dimensional van der Waals b 1/1.34
Gas phase van der Waals b 1/1.49
Square of collision diameter 1/1.33
Cube of collision diameter 1/1.55

Observed vs. Calculated Fugacity

The correlations given in Equations (12e) and (13a)
were used to calculate the fugacities f; and f, for varying
amounts of adsorption, N; and Ny. Figure 4 gives the re-
sults at 25°C. as the ratio of the calculated to observed
fugacity as a function of (N*/A). The ratio is always 1.00
#+ 0.08. The methane fugacity ratio deviates slightly above
1.00; the resulting root-mean-square deviations for both
methane and ethane are given in Table 3. The correlations
given in Equations (12a) and (13¢) are satisfactory,
since the entire composition range and coverage from zero
to about monolayer on the heterogeneous adsorbent are
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Fig. 4. Deviation of calculated fugacities from observed onmes as
functions of (N*/A) for methane-ethane mixtures adsorption on
silica gel at 25°C.

accounted for by one fitting constant within the deviation
given above.

Figure 5 shows constant fugacity lines on the (N,/A)
— (Ny/A) plane as calculated from Equations (12a) and
(13a) or from Equations (28a) and (29a). The terminal
points on the boundaries (N;1/A) = 0 and (Ny/A) = 0
were based on the data for pure component adsorption
which was used in Equations (124) and (13a). Even if
mixture data are not available, the pure gas and infinite
dilution adsorption data suffice for the determination of

TasLE 3. Fucacity RooT-MEAN-SQUARE DEvVIATIONS

Temperature, °C. 5.00 15.00 25.00 35.00
\/ 2 (1807 1%b%) 5.2% 4.1% 41% 4.3%
\/ 82 Zf20817f2°55) 3.4% 2.7% 2.7% 2.9%

7 T T T T T T T

——— CALCULATED CONSTANT METHANE
FUGACITY LINES (PSI.A) .

~~7 CALCULATED CONSTANT ETHANE
FUGACITY LINES (PRSI A) —

(N, /A), x 107® MOLES/SQ. METER
2
Y

53 7 8
(N, /R), x 10-° MOLES/SQ. METER

Fig. 5. Colculoted constant fugacity lines on amounts of adsorption
per unit area plane, (Ny/A) — (N2/A), for methane-ethane mixtures
adsorption on silica gel at 25°C.
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the fitting constant « and the functions, Z(N* /A) and
®(N*/A). A specific combination of gases and adsorbent
at a temperature give unique values for «, =2(N*/A),
and ®(N*/A).

Observed vs. Calculated Spreading Pressure

The observed (10) and calculated spreading pressures
for methane and ethane are shown in Figures 6 and 7.
The ordinate is on the basis of the number of molecules
per unit area. Two values were tried for the thickness of
the adsorbed phase on the adsorbent. Previous calcula-
tions (8, 9) used 8.0 A.; these calculations were made for
both 6.0 and 8.0 A. For the immobile model calculations,
my in Equation (33a) was assumed to be 1.0. The total
number of adsorption sites per unit area, (M/A), was
taken as 10 X 10~% mole/sq. meter which is a realistic
value for a molecule of 16.7 A2, If (M/A) = 20 X 10~¢
is used, the curve for the immobile model is closer to the
curve for the mobile model.

For an adsorbed phase thickness h = 8.0 A., the ob-
served spreading pressure for methane adsorption lies
below the region bounded by the curves for mobile and
immobile models. For h = 6.0 A., however, the observed
values fall very close to the curve for the completely
mobile model. The use of 6.0 A., which is two times the
collision diameter of the methane molecule, for h implies
about 8.0 A. from the cores of the surface atoms of the
adsorbent. We conclude that methane adsorption has a
thickness of 6.0 A. and is a highly mobile type at ambient
temperatures.

For either assumed adsorbed phase thickness, the ob-
served spreading pressure for ethane adsorption falls in
the region bounded by the mobile and immobile models.
The larger value of h placed the observed points closer
to the curve for the mobile model, which is reasonable
since the mobility of molecules is greater at greater dis-
tances from the surface of the adsorbent and the average
mobility for the adsorbed phase becomes larger for the
larger h. Ethane adsorption on silica gel is concluded to
be a mobile type, but less mobile than methane adsorption,
at ambient temperatures. This conclusion is in good agree-
ment with previous results (8) on adsorbed volume per
molecule for silica gel adsorption.
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Fig. 6. Observed and calculated spreading pressures vs. (N*/A) for
methane adsorption on silica gel at 25°C,
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Fig. 7. Observed and colculated spreading pressures vs. (N*/A) for
ethane adsorption on silica gel at 25°C.

Comparison of Spreading Pressure to Macroscopic Gas
Phase Pressure

Pressure in the macroscopic gas phase is directly related
to the total molecular density by the ideal gas law with a
nonideality factor z, the compressibility factor. Similar
more complex expressions in the adsorbed phase for
spreading pressure as a function of the amount of adsorp-
tion are given in Equations (324) and (33a) for the mo-
bile and immobile models. A simple plot of #/(kT) wvs.
the total amount of adsorption per unit area, Z(N;/A),
gives different curves for several gas compositions, How-
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Fig. 8. Spreading pressure vs. weighted summation of absolute

amount of adsorption per unit area on methane basis, (N*/A) =

{N1/A) +(1/a)}(N2/A), giving o good coincidence of curves for dif-

ferent gos compositions and forming an oimost straight line; at
25°C.
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ever, a trial plot of #/(kT) vs. a weighted summation on
a methane basis, (N*/A) = [Ny + (1/a) N;1/A, gives
quite a small scattering of points with respect to gas com-
position and results in an almost straight line, as shown in
Figure 8. A similar result with a different slope is obtained
using a weighted sum on an ethane basis for the abscissa.
The point of interest is the convergence of different gas
compositions to form a single line at a constant a« =
1/1.38 which was determined by a fitting process of Equa-
tion (7) or (23) to the experimental data. The deviation
of the plots from linearity may correspond to the com-
pressibility factor for the macroscopic gas phase. The fit-
ting constant, «, originally a ratio of the molecular sizes, is
also useful as a factor relating the effect of the molecular
species on the gas-solid interface energy (As) on adsorp-
tion.

CONCLUSIONS

The adsorption of a binary gas mixture on a heteroge-
neous adsorbent has been correlated for both mobile and
immobile models. The form for both models was essentially
equivalent. The required experimental data are on both
pure components and on infinite dilution, which deter-
mines one fitting constant and an empirical function to
describe the nonideality of the gas-solid interaction. The
correlations satisfactorily describe the methane-ethane-
silica gel system at ambient temperatures up to about
monolayer adsorption.

Different expressions of the spreading pressure of the
adsorbed phase were obtained for the mobile and im-
mobile models. Based on a comparison of observed values
to calculated spreading pressures, the system was classi-
fied as a highly mobile type of adsorption at ambient tem-
peratures,
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NOTATION

a = average area of a single adsorption site for im-
mobile model

A = total surface area of adsorbent

b = volume occupied by a molecule of adsorbate for
mobile model

c = number of nearest neighbor adsorption sites for
immobile model

C3-Cs = constants at a temperature with respect to cover-
age, contain §, p, m, ¢, and M terms

E(f) = average adsorptive energy for a species at the

surface coverage 6

= fugaci

= height of adsorbed phase

= internal-rotational-vibrational-translational parti-

tion function of a single adsorbate molecule

Boltzmann constant

number of adsorption sites occupied by a mole-

cule of adsorbate for immobile model

= total number of adsorption sites for immobile

model

number of molecules in the adsorbed phase

weighted summation of the number of molecules

adsorbed on a methane basis as defined by Equa-

tion (14) or (34)

total partition function of the adsorbates

absolute temperature

volume of the adsorbed phase

number of ways of distributing molecules to the

adsorption sites for immobile model
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Greek Symbols

« = fitting ratio by/by or mi/ms

8 = deviation

¢ = coverage of the solid surface by adsorbates

# = chemical potential

& = empirical function of § defined by Equation (7)

or (23) for binary mixtures

same as £ but as function of (N*/A)

spreading pressure of the adsorbed phase
empirical function of # defined by Equation (8)
or (24) for pure component

same as ¢ but as function of (N*/A)

empirical function of ¢ defined by Equation (9)
or (25)

same as y but as function of (N*/A)
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Superscripts

0 = pure component adsorption; standard state con-
dition

= derivative of the function with respect to param-
eter within parentheses

’

Subscripts
i = immobile model

species
mobile model
methane, ethane

s .
i
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Heat Transfer Coefficients and Circulation

Rates for Thermosiphon Reboilers

P. R. BEAVER and G. A. HUGHMARK

Ethyl Corporation, Baton Rouge, Louisiana

Heat transfer coefficients and circulating data were obtained for a single tube thermosiphon
reboiler operated under vacuum and at atmospheric pressure. The results are compared with
existing correlations. An analysis is presented for local heat transfer coefficients in the single

phase and two-phase regions.

Normal operation of vertical thermosiphon reboilers at
atmospheric and higher pressure results in a two-phase
region for more than one-half of the tube length with the
remainder of the tube length required for essentially
single-phase liquid heating. Under vacuum conditions, the
liquid heating section may represent as much as 909 of
the tube length. The relatively short two-phase region at
subatmospheric conditions would be expected to result in
a lower circulation rate than is obtained with the longer
two-phase region at atmospheric and higher pressure con-
ditions. Experimental heat transfer and circulating rate
data at subatmospheric conditions are limited with the re-
sult that design methods must be extrapolated for these
conditions.

This paper reports an experimental study of a single
tube thermosiphon reboiler operated under vacuum and at
atmospheric pressure. Heat transfer coefficients and circu-
lating rate data were obtained and are analyzed to provide
confidence in design methods for vacuum conditions.
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EXPERIMENTAL EQUIPMENT AND PROCEDURE

Figure 1 shows a sketch of the equipment. The tube was
8 ft. long 34 in. schedule 80 carbon steel pipe. Electrical heat-
ing was used to provide a known flux at point locations on
the pipe. Four heaters were used to provide a maximum fux
of 9,000 B.tu/hr. sq. ft. The heaters were made of Ni-
chrome wire of 0.41 ohms/ft. resistance and were wound
with ceramic beads around the wire. Each wire was 26.33
ft. long. Total power output at 117 v. was 5,700 w. Power-
stats were used to control the heat to the pipe.

Iron-constantan thermocouples were attached to the out-
side pipe wall at the ends of the 8 ft. section and at 1 ft.
intervals along the pipe. Holes 0.05 in. deep were drilled
in the pipe wall, and the thermocouple junctions were pressed
into these holes. A traveling thermocouple passed downward
through the pipe to obtain process temperatures correspond-
ing to the 1 ft. intervals.

The orifice was 0.500 in. diam. in a run of pipe the same
as the heated pipe to minimize the pressure drop. Water
and ethylene glycol were used to calibrate the orifice. The
orifice differential pressure was obtained with a manometer.
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