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PREFACE

The research and development described in this document was conducted within
the U.S. Department of Energy's Energy Storage Technology Program. The Solar
Energy Research Institute (SERI) is the 1lead laboratory for research,
technology, and system analyses and assessments for thermal energy storage for
solar thermal applications and for thermal energy transport.

The goal of SERI's Solar Energy Storage Program is to identify economical
energy storage and transport subsystems for the industrial sector and to bring
the corresponding technologies to the point where they can be transferred from
research to development. The strategy to accomplish this goal is to conduct
research in advanced thermal energy storage technologies for solar thermal
electric power and solar thermal industrial process heat applications, and in
energy transport technologies for industrial process heat applications.

The focus of the program is in developing containment techniques and heat
exchange for high temperatures and in defining thermochemical transport
systems. This report describes the development of an analytical model of an
air and molten salt direct-contact heat exchanger.
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SUMMARY
Objective

To develop an analytical model that describes the heat transfer performance of
a direct-contact heat exchanger operated as an irrigated packed bed at high
temperature.

Discussion

Direct-contact heat exchange can provide a cost-effective means of transfer-
ring heat between a gas and a liquid in applications where the gas and liquid
do not react and can be separated after the heat exchange is effected. An
especially attractive application is the production of high-temperature air
from molten salt in a solar thermal central receiver system. The particular
configuration of interest here is an irrigated packed bed in which the liquid
is introduced at the top of a random bed of packing elements and flows in
rivulets down the bed transferring heat to a counterflowing stream of gas.
Experimental data and analytical models that describe the heat transfer per-
formance of such a heat exchange device are lacking. This hampers efforts to
determine the economic value of direct-contact heat exchange and to design
commercial-sized systems.

In response to this problem, the present work was undertaken to provide an
analytical model of direct-contact heat exchange. In addition to allowing
commercial-sized design and comparison and extrapolation with experimental
data, this model was developed to point out the important heat transfer mech-
anisms and to point the way to required future research. The model expands on
existing models in that it uses the heat and mass transfer analogy and deter-
mines heat transfer at the gas-liquid interface via mass transfer correla-
tions. Other modes of heat transfer, notably conduction in the bed packing,
convection from dry portions of the packing to the gas, and radiation heat
transfer, were added to the mass transfer correlations. Where available,
correlations from the literature were used for calculating the contributions
of the various heat transfer mechanisms.

Conclusions

The model shows that radiation heat transfer is negligible (relative to the
convective contributions) even at temperatures up to 1100°C and for large
commercial-sized packing. This is consistent with available data at high
temperature and simplifies the analysis considerably. The effect of variable
properties can be handled in a simple manner. Comparing the resulting model
with available data for a low-temperature oil and air system, we found that
the model resulted in much better agreement with the data relative to previous
models. Depending on the type of packing and how well it was wet by the lig-
uid, the conduction in the packing has a relatively small effect but does tend
to increase the heat-transfer rate predicted by the model closer to the
data. Favorable agreement was also seen with an air and molten salt system,
although little data were available for comparison. The model is not applica-
ble to liquids that do not wet the packing because it relies on a wetting cor-
relation developed for wetting liquids. For the air and molten salt system,
it appears thgt we can achieve volumetric heat transfer coefficients of 6,000
to 12,000 W/m”> °C.
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NOMENCLATURE

surface area per unit volume (m~!)
cross section area of empty column (m2)
dry surface area per unit volume (m~1)
fin cross-sectional area (m2)

constant in Eq. 2-4

liquid specific heat (J/kg K)

gas specific heat (J/kg K)

mass diffusivity (m?/s)

characteristic packing dimension (m)

packing diameter as defined by Whitaker, Eq. 2-7 (m)
local differential heat transfer in bed (W)
incremental volume of bed (m3)

exp (A - kz)‘

defined in Eq. 2-21

fraction of dry surface area = 1 - aw/ap

view factor, liquid to packing

liquid-film Froude number apLz/plzg

acceleration of gravity (m/s?)

gas loading = mg/A. (kg/m2 s)

heat transfer coefficient (W/m2 K)

column height (m)

height of the packing element (m)

radiation heat transfer coefficient (W/m? K)

height of a transfer unit Eq. 3-9

heat transfer coefficient from Whitaker's correlation, Eg. 2-5
(W/m? g)

bed thermal conductivity (W/m K)

gas-side mass transfer coefficient (kg mol/h m? atm); gas thermal
conductivity (W/m K)

liquid-side mass transfer coefficient (m3/s3); liquid thermal con-
ductivity (W/m K)

thermal conductivity of packing (W/m K)
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Greek

NOMENCLATURE (Continued)

effective-bed thermal conductivity, Eq. 2-17 (W/m K)
liquid-to-liquid radiation thermal conductivity (W/m K)
liquid loading = mg/A; (kg/m? s)
fin length (m)

defined in Eq. 2-8 (m~ 1)

mass flow rate (kg/s)

molecular weight (kg/kg mol)
number of fins per unit volume (m—3)

number of packing elements per unit volume (m™3)
fin perimeter (m); absolute pressure (atm)
Prandtl number

fin heat transfer (W)

heat flux between liquid film and dry packing
droplet radius

gas constant (m3atm/K kg mol)

Reynolds number as defined by Whitaker, Eq. 2-6
falling-film Reynolds number, Eq. 2-12

gas Reynolds number = 6G/apug
liquid-film Reynolds number = L/aqu

Schmidt number

temperature (K)

thickness of packing material (m)

volumetric heat transfer coefficient (W/m3 °C)
packing volume (m3)

liquid-film Weber number = Lz/ploap

axial distance (m)

dimensionless axial distance

mass flow per unit width (kg/m s)

liquid emissivity
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NOMENCLATURE (Concluded)

b packing emissivity
€, packing void fraction
8 dimensionless temperature
SELYY dimensionless parameters
X3...X7
U viscosity (kg/m s)
p density
o Stefan-Boltzman constant (W/m2 K4); liquid surface tension (N/m)
o, critical surface tension (N/m)
Subscripts
d droplet
e effective
ff falling film
g gas
i inlet
L liquid
P packing
radiative
Lpr liquid-to—-packing, radiative
W wet
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1.0 INTRODUCTION

Direct contact is an important mechanism for transferring mass between one
fluid stream and another in industrial processes. Examples of such processes
include gas-liquid contacting for absorption, humidification, and stripping.
Direct contact may also be used to effect heat transfer between two fluid
streams, if that contact does not cause undesired chemical reactions and if
the two streams can be separated afterwards. Direct-contact heat exchange
(DCHX) is a potentially cost-effective method of transferring heat between
such fluid streams primarily because it creates a very high surface area per
unit volume., Additionally, intervening surfaces that exist for a conventional
heat exchanger are not present. This increases the thermodynamic efficiency
of the heat transfer process and further reduces the cost of the heat
exchanger.

Because of the constraints on fluid stream compatibility, industry has
exploited relatively few DCHX applications. One important exception is the
heat transfer between molten salt and air in solar thermal central receiver
applications. Here, the salt acts as a heat transfer fluid in the receiver
and as a storage medium. DCHX can provide high-temperature air to an indus-
trial process or to a turbine from the solar thermal energy stored in the
salt. Conventional heat exchange technology uses a finned-tube heat
exchanger. 1In a study of the comparative economics, Bohn (1985) showed that
the direct-contact heat exchanger would be from 2 to 5 times more cost
effective than a finned-tube exchanger, depending on the service temperature.

The particular DCHX configuration we are interested in is one in which
counterflowing streams of a gas and a liquid enter a packed bed. As the liq-
uid flows downward by gravity over the packing elements (rings, spheres, sad-
dles, etc.), it is dispersed over the relatively large surface-area-per-unit
volume of the packing element. Gas, flowing upward, contacts the liquid and
the packing, and heat is transferred at the interface between the gas and
liquid phases. 1In addition, radiation heat transfer may be important at high
temperature.

This report presents a model for predicting the performance of such a heat
exchanger, in particular at high temperatures and with emphasis on the air and
molten salt system. An accurate and reliable DCHX model would allow com-
mercial units to be designed with confidence and also allow new units to be
scaled from existing ones. Developing such a model leads to a better under-
standing of the mechanisms of heat transfer and would allow us to differen-
tiate between the important and unimportant mechanisms.

0f the many attempts to model problems involving direct-contact heat exchange,
few have involved all aspects of this problem, namely simultaneous liquid and
gas flow (irrigated bed), low-pressure-drop commercial packings, high-
temperature operation, and molten salt working fluids with properties that
differ substantially from liquids typically used in irrigated packed-bed
experiments.

Balakrishnan and Pei (1979a,b) developed a model of heat exchange between a
gas and spherical particles in a packed bed. Their model included conduction
from sphere to sphere, convection to the gas, and rediation heat transfer from
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sphere-to-sphere. The emphasis was on improving previous models for contact
area: convection was included in an ad hoc way as a boundary condition at the
sphere surface with a specified heat-transfer coefficient. The radiation
component was calculated using known view factors for the given geometry of a
packed bed of spheres. They concluded that radiation became significant at
temperatures greater than 400 K for 0.635-cm-diameter spheres and that at
950 K the contributions of radiation and conduction were about equal.

Dixon (1985) modeled the thermal resistance of a packed bed with gas flow and
used a simplified way to include radial terms. All heat-transfer mechanisms
were lumped into effective thermal conductivities incorporated into a thermal
network model. He did not consider radiation.

Huang (1982) presented experimental data on direct-contact heat exchange
between air and mineral spirits for Raschig rings, Intalox saddles, Pall
rings, and HyPak rings. The data were for temperatures in the range 30° to
50°C. He found that predicting the volumetric heat transfer from mass trans-
fer data tended to be conservative, which he attributed to conduction heat
transfer in the packing. Although this conduction effect was noted by other
researchers, it was not incorporated into any heat transfer models.

Standish (1968) measured heat transfer between hot gases and mercury or cerro-
bend (a low-melting-point alloy) at low temperatures (up to 105°C) in an irri-
gated packed bed. He considered the direct heat transfer path from liquid to
gas as well as the indirect path through the packing. Packings of higher
thermal conductivity yielded higher volumetric heat transfer. Using cerrobend
to wet the packing was more effective than using mercury, thus, the effect of
packing thermal conductivity was less for the mercury. Standish did not
attempt to experimentally separate the direct and indirect heat transfer
contributions.

Mackey and Warner (1972) investigated a packed bed with counterflowing gas and
liquid metals. They expressed the total heat transfer as the sum of three
mechanisms: direct heat transfer between the liquid and gaseous phases,
indirect heat transfer from liquid to gas via the packing, and radiation heat
transfer. They did not attempt to model these mechanisms but rather to sepa-
rate them experimentally. The direct component was determined from the heat-
mass transfer analogy and mass transfer data for vaporizing mercury from the
author's previous work. The iadirect component could then be deduced from
low—-temperature experiments with mercury by subtracting out the direct heat
transfer contribution. By then operating at high temperature with a low-
vapor-pressure liquid metal (lead), they attempted to determine the radiation
contribution by subtracting the direct and indirect effect from the overall
effect. They considered the mercury system to be a low-temperature analog of
the lead system. Their results indicated that the direct mechanism contribu-
ted 30%Z to 60% of the total heat exchange. For a packing with higher thermal
conductivity (10-mm steel spheres) the indirect mechanism contributed about
67% of the total heat transfer compared with about 45% for lower thermal
conductivity packing (1/2-in. carbon Raschig rings or 10-mm glass spheres).
Thus, they also recognized the importance of conduction in the packing mate-
rial. They did not find a significant effect of radiation in the 400°-600°C
range; they report less than a 5% contribution to total heat transfer.
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Although the work by Mackey and Warner would be useful for liquid metal-gas
systems, it is not sufficiently general to apply to other systems. For exam-
ple, their direct mechanism, which was estimated from mass transfer data, is
not applicable to molten salts because salt-vapor mass-transfer coefficients
have not been measured (because of their exceedingly low vapor pressures and
because their vapors are unimportant to industry). Moreover, Mackey and
Warner's equations for heat transfer do not allow us to determine when radi-
ation would be important or why the different packing materials contributed
differently to the direct and indirect mechanisms.

The model discussed here incorporates each heat-transfer mechanism individu-
ally rather than lumping them into an overall heat-transfer coefficient as
done previously, Correlations available in the literature are used to
calculate each heat-transfer rate; then, overall volumetric heat-transfer
coefficients can be calculated. We have attempted to keep the model as gen-
eral as possible; however, specific references to molten salt are required
occasionally because of its unusual properties and our special interest in
them.
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2.0 HEAT TRANSFER MECHANISMS
The flow of liquid and gas in the packed bed was described qualitatively
earlier, and that discussion makes it clear that modeling the heat transfer
process involves several mechanisms:
1. Convection at the liquid-gas interface
2. Convection between the gas and the dry packing surface

3. Conduction in the packing element

" 4. Convection between the liquid and the packing surface on which it is
flowing

5. Radiation among portions of the dry packing

6. Conduction among packing elements

7. Radiation among portions of the liquid film

8. Radiation from liquid to the packing.

Note that Mackey and Warner grouped 2, 3, 4, and preshmably 7 in the indirect
mechanism. Their direct mechanism corresponds to 13 5, 6, and 7 correspond to
their radiation mechanism,

Each heat transfer mechanism needs to be expressed on a volumetric basis.
That is, those mechanisms that occur at a surface will be expressed as a
product of a surface heat transfer coefficient and the surface area per unit

volume over which the mechanism is active.

2.1 Convection at the Liquid-Air Interface

This mechanism represents heat transfer at the interface between liquid and
gas in the bed. Thus, we need to know the interfacial surface area as well as
the film coefficients on the liquid and on the gas side of the interface.
Onda, Takeuchi, and Koyama (1967) developed a correlation that allows us to
predict the fraction of packing area that will be wet by a liquid in a packed
bed:

_ ~0.75
2 =1 - exp [-1.45Reg" Fry "0 wWed 2 (L) ] . (2-1)
C

The Reynolds, Froude, and Weber numbers that appear in the correlation are
based on liquid flow and liquid properties with the length scale being the
inverse of the packing surface area per unit volume. The correlation depends
on liquid flow, liquid properties (surface tension, viscosity, density), and
properties of the packing, including surface area per unit volume and critical
surface tension. Onda et al. used spheres, Raschig rings, and Berl saddles
fabricated from ceramic, glass, and paper in sizes from 8 to 50 mm. A dye
that stained the packing surface was added to the liquid (water, ethanol,
glycerol, cane sugar) under study so they could estimate the wet surface area.
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The correlation (Eq. 2-1) is valid over the range
0.04 < Re, < 500
2.5 x 1079 < Fr, < 1.8 x 1072
1.2 x 1078 < we, < 0.27
0.3 < c/cc < 2.0.

For the flow rates and properties of interest for molten carbonate salts on
oxidized metal, this correlation yielded a wet surface area range of 40%-607%.

The critical surface tension is usually determined by measuring the contact
angle of a homologous series of fluids of varying surface tensions on a given
surface and then plotting the cosine of the contact angle versus the surface
tension of the liquids. Liquids with low surface tension (e.g., ethanol) wet
most surfaces and yield a low contact angle. Liquids with high surface ten-
sion (e.g., mercury) do not wet most surfaces and yield a contact angle close
to 180 deg. Ellison and Zisman (1954) and Fox and Zisman (1952) present data
that show a linear decrease of the contact angle cosine for increasing surface
tension for a group of similar liquids in a given surface. Extrapolating the
curve backwards to a zero contact angle yields the critical surface tension.

Onda, Takeuchi, and Koyama (1967) used a steel surface with a reported criti-
cal surface tension of 75 dyne/cm. The surface of interest for a molten salt
application will likely be an oxidized metal or possibly alumina. Mamantov,
Braunstein, and Mamantov (1981) and Moiseev and Stepanov (1967) report that
the contact angle of the molten carbonate eutectic on oxidized metals is
zero., This would imply that the critical surface tension for such a surface
is greater than about 226 dyne/cm. We performed a semiquantitative test with
ethanol, water, molten salt, and mercury on oxidized stainless steel. We
found that although mercury (o = 486 dyne/cm) did not wet the surface, none of
the other liquids completely wet the surface either so the curve (cosine of
contact angle versus surface tension) was not as well defined as the theoreti-
cal plot. This is probably because the liquids used are not of a homologous
group. Nonetheless, we have chosen the critical surface tension for the oxi-
dized metal to be 300 dyne/cm because that is greater than the surface tension
for molten salt (which has a very low or zero contact angle) but less than
that for mercury, which exhibits a very large contact angle. As stated ear-
lier, this correlation yielded a wet surface area range of 40%-60% for the
flow rates and properties of interest for molten carbonate salts on oxidized
metal.

While Onda's correlation predicts the fraction of packing surface wet by the
liquid, Bravo and Fair (1982) point out that the actual surface area for mass
transfer (and presumably heat transfer), known as the effective area a_, must
also include other contributions. These include the interfacial surface area
provided by suspended and falling droplets, gas bubbles in liquid puddles,
ripples on the liquid film surface, and any contribution caused by liquid film
falling on the column wall. Others have found that the total holdup is effec-
tive in mass transfer (Mackey and Warner 1973) (probably because the mercury
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they used wet their packing very little, so interfacial area from the other
sources would be important).

Like Onda's correlation for a wet surface area, Bravo and Fair's correlation
for effective surface area was developed with liquids having a limited range
of surface tension, e.g., 6 to 74 dyne/cm. Neither correlation has been vali-
dated for ¢ > 0_, i.e., for nonwetting liquids. Using Bravo and Fair's corre-
lation with typical flow and properties for air and molten salt systems, we
found that it predicted effective areas about three times the packing surface
area , which seemed unreasonable. We also used the correlation to calculate

fo? Mackey and Warner's conditions with mercury and air and found that
wﬁlle Onda's correlation predlcted wet surface areas of about 8%-28% of the
packing area, Bravo and Fair's correlation predicted effective areas of about
100% of the packing area. The contribution of the droplets, gas bubbles, rip-
ples, etc., to the interfacial surface area should increase this area beyond
the wet area. However, such large increases seem unreasonable because they
imply that the packing surface plays only a minor role in generatlng inter-
facial surface area and are not consistent with Mackey and Warner's flow vis-
ualization photographs. Since Onda's correlation at least gives wet surface
areas that are within reason, we have chosen to use it as a basis for our
model. However, keep in mind that it was developed for liquids with surface
tension and viscosities considerably lower than molten salt.

Because of a lack of heat transfer data or correlations that could be applied
directly to the salt-air interfacial convection problem, we will follow others
(Huang 1982, Fair 1972, and Bohn 1985) and apply the mass transfer-heat trans-
fer analogy. We therefore require a mass transfer correlation to determine
the heat transfer at the liquid-gas interface.

One such correlation is that of Onda, Takeuchi, and Okumoto (1968) that relies
on the wet packing surface area developed by Onda, Takeuchi, and Koyama
(1967), Eq 2-1, described previously. This mass transfer correlation was
chosen for several reasons. Several researchers have found that Onda's model
represents mass transfer data better than other available correlations. Bravo
and Fair (1982) used Onda's mass transfer coefficient correlation in develop-
ing their general model based on effective mass transfer surface area. Kelly,
Rousseau, and Ferrell (1984) used Onda's correlation in describing the physi-
cal absorption of acid gases in methanol partly because it was the only one of
four correlations he considered that was based on packings as small as
0.25 in. In the end, Kelly found that only Onda's correlation allowed
reasonably accurate design calculations.

The data used by Onda, Takeuchi, and Okumoto (1968) in developing his corre-
lation are shown in Figure 2-1 and demonstrate one reason the correlation is
successful. Onda used all available packing sizes, a wide range of flow
rates, and several chemical systems in developing the correlation. The corre-
lations are based on Raschig rings from 9.5 to 50 mm, spheres from 12.5 to
25 mm, and Berl saddles from 12.5 to 38 mm. Since Onda's correlation is based
on data for a wide range of packing sizes, we anticipate that basing a heat
transfer model on his correlation should also be satisfactory for all packing
sizes. The liquids tested included methanol, ammonia, acetone, ethanol.
Gases tested include oxygen, propane, nitrogen, and Freon.
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Figure 2-1. Correlation of (a) Gas-Side and (b) Liquid-Side Mass Transfer
from Onda, Takeuchi, and Okumoto (1968)
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Onda's correlation also expresses the dimensionless mass transfer on the gas
side (Figure 2-la) as a function of gas Reynolds number, Prandtl number, and
packing geometry; the correlation for the liquid side (Figure 2-1b) involves
the liquid Reynolds number, Schmidt number, and packing geometry. Some other
correlations in the literature present results in dimensional terms, which
should cause concern for anyone trying to use the correlation for conditions
different from those for which the correlation was derived.

The data for the gas side show a dependence on packing size with the data for
the smaller packing falling lower than that for larger packing. Onda points
out that for packing smaller than 15 mm, the leading coefficient decreases
monotonically with a_, and he recommends 2.0 as the leading constant C, in the
correlation Eq. 2-2 ‘rather than 5.23. Figure 2-1b for the liquid side does
not demonstrate this packing-size dependence. Note that even considering the
two values of Cy, there is still considerable scatter, at least *30%.

The correlation equations for gas-side and liquid-side mass transfer coeffi-
cients are

pPg

1/3 2/3
k1<95—> = o.oos1< L ) scgl/2(apd,)0+4 (2-2)

0.7
RT \_ . (2% 1/3 -2
kg<a >— cl(—g—> Scg/> (apdp)

gHg ayHy

The constant C; = 2.0 is for packing smaller than 15 mm, otherwise ¢, =5.23.

Onda's mass transfer correlation equation may be used to predict heat transfer
in the packed column from the mass transfer-heat transfer analogy, which
relates dimensionless heat transfer and mass transfer coefficients on the gas
side:

h sc, /3 k,a PM
g% _ (g “gle™g . (2-3)
C,G Pr G

)% g

The power on the Schmidt number-Prandtl number ratio in Eq. 2-3 is 2/3 as
recommended by Bravo and Fair (1982). Applying Eq. 2-3 to the Onda correla-

tion, we find that for the dimensionless gas-side heat transfer coefficient:

h,a C; apa Re

phg (2eg 0.7 2
o7 S Y A O (2-4)

In practice, the liquid-side film coefficient is about two orders of magnitude
greater than the gas-side coefficient; therefore, we will neglect the liquid-

side resistance. or molten salt flow rates and properties of interest,
Eq. 2-4 givgs volumetric heat transfer coefficients hagz in the range of 2000
to 5000 W/m> K.

2.2 Convection Between the Gas and the Dry Packing Surface

This mechanism represents the transfer of heat from dry portions of the pack-
ing to or from the gas. It is important because the liquid rivulets flowing
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across the packing surface do not totally cover the packing surface area but
yet can heat the dry areas. The mechanism here is transfer of heat from the
liquid film to the packing and conduction through the packing material to the
dry areas. The gas flowing over the dry areas can then transfer heat to the
dry surface.

Convective heat transfer from dry packed beds has been studied extensively
because of industrial interest in packed catalytic bed reactors, energy stor-
age rock beds, and others. In these studies the main interest is the transfer
of heat between the surface of the packing and the gas stream flowing over
it. Whitaker (1972) has compiled data from five sources and developed a
correlation applicable to the present problem:

h,d e 1/3 1/2 2/3
pw v - _
g ( T oy > Prg (o.SReap + 0.2Reap ) (2-5)

for

10 < Re_, < 10000 .
p
The Reynolds number is defined as

d oG

p = ug(l = sv) . (2‘6)

Re,
The largest contribution of data to the correlation Eq. 2-5 is that of Taecker
and Hougen (1949). They used Raschig rings from 6 to 50 mm. Other studies
that provided data for Eq. 2-6 included cylinders and spheres. Note that the
use of Eq. 2-5 neglects any effect on the heat transfer caused by interaction
between the liquid film and the gas flowing over it.

The packing diameter in Eq. 2-6 is defined as
dpy = 6Vp/ap . (2-7)

The packing volume V_ is defined as the volume of solid material comprising
the packing. For a Raschig ring or a Pall ring of diameter d_, height h_, and
made of a material of thickness of t_, we have V_ = nd_t _h_. The void frac-
tion for the packing €, is generallypavailable a8 a prgpgrgy of the packing.
For typical flow rates and property values, Eq. 2-5 gives local surface heat
transfer coefficients of about 70 W/m® K. If the packing were totally dry,
this would be equivalent to a volumetric heat transfer coefficient of
23,800 W/m” K for 5/8-in. Pall rings.

2.3 Conduction in the Packing Element

This heat transfer mechanism has been recognized by others as a possible rea-
son why mass transfer correlations tend to underpredict heat transfer data,
This is because conduction through the packing allows heat to transfer from
wet areas to dry areas where the heat can subsequently be transferred to the
gas stream. No comparable mechanism exists for mass transfer. To assess the
magnitude of this effect and to determine if it can improve results calculated
from mass transfer data, we developed a model based on conduction through and
convection from a fin.
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Figure 2-2. Packing Element with Figure 2-3. Idealized Version of
Liquid Film Packing Element with Liquid Film

Consider Figure 2-2, which depicts a packing element with liquid rivulets
flowing down its surface. The flow of heat in the packing material and
subsequent transfer to the surrounding gas flow is analogous to the transfer
of heat from a body with fins to a gas flow. Heat is transferred from the
root of the fin by conduction and then by convection to the gas stream. We
will consider Figure 2-3 as an idealization of Figure 2-2 and will base our
analysis of the packing conduction on this analogy to the fin effect.

An analysis of the fin effect is available in most heat transfer textbooks,
Kreith and Bohn (1986), for example. Such an analysis gives the rate of heat
transfer from each fin as

1/2

Q¢ = (hPkpAf) ™ “(Tp - Tg) tanh (mLg) , (2-8)

where

m = (hp/ipap)t/? .

To convert this expression to a volumetric basis, consider that the number of
such fins per unit volume is

_ dry surface area per unit volume _ @p ~ &y

Nd dry surface area per fin L¢P

Since hag = N;q¢, we have

p
1/2 ap T 3y

hagy = (hPkpAf) tanh (mLf)<—pLﬁ—> .

The heat transfer coefficient in Eq. 2-8 is that at the fin surface and there-

fore can be replaced by h, from Eq. 2-5. The thermal conductivity is that of
the packing material.

The fin perimeter P, heat flow cross-sectional area Ag, and fin length Le
require careful definition in the case of the partially wet packing element

10
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for each type of packing. Looking at Figure 2-3, we see that the fin perime-
ter for the Raschig ring would be P = 2(t_ + h_) if the ring is oriented with
its axis vertical. If the ring axis is horizonEal, we would have P = ndp.

Since the rings are oriented randomly in the bed, we take the average of these
two extremes, which gives us
1

P = §[Z(tp + hp)ndp] Raschig rings . (2-9)

Similarily the heat flow cross-sectional area is
Af = %(hptp + ndptp) Raschig rings , (2-10)

where the two terms in parentheses are attributed to the vertical and hori-
zontal ring orientations, respectively.

The fin length depends on how many rivulets are present on this packing sur-
face. Idealize a vertically oriented Raschig ring with one rivulet, then the
fin length would be (ndp/Z]fd, and for a horizontal ring, we see that
Le = (hp/Z)fd; thus,

f
Lf = Zg(ndp + hp) Raschig rings . (2-11)

For typical flow rates and properties consistent with thosg used previously to
estimate heat trgnsfer coefficients, ha__ will be 8900 W/m’ K. This reduction
from 23,800 W/m” K for the completely dry packed bed is because of a 50%
reduction in dry surface area due to rivulets and the 75% fin efficiency for
these conditions.

2.4 Convection Between the Liquid Film and the Packing Surface

This mechanism involves the transfer of heat from the liquid film to the sur-
face of the packing. A great deal of work has been done on falling film heat
transfer primarily because of interest in condensers and in falling film
evaporators.

Nusselt (1923) developed a theoretical model for heat transfer from laminar
condensate films. This model was generally regarded as conservative after
experimental data became available and Colburn (1934) improved it by including
the effect of turbulence in the film. Bays and McAdams (1936) presented cor-
relations of data for several liquids flowing in films on the inside of ver-
tical pipes. Dukler (1960) sidestepped the issue of laminar versus turbulent
flow in the film by numerically solving the equations of motion and energy for
the problem using an eddy viscosity model for turbulence. Dukler's analysis
also allows one to include the effect of shear at the gas-liquid interface;
the effect is to further increase the heat transfer at the wall-liquid
interface.

Relative to the present problem, any of these models will probably be conser-
vative. This is because the models all consider a fully developed velocity
field in the film while the film on the packing elements is being constantly
interrupted. The velocity profile therefore must restart as the film begins
to flow down from the top of each packing element. Nevertheless, all the

11
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models predict very high surface heat transfer coefficients, 0(2000 W/m? K).
Coupled with the high wet surface area per unit volume, volumetric heat trans-
fer coefficients of 0(10° W/m” K) result.

All the models present heat transfer as a function of film Reynolds number:

. 4r -
Re . = g’ (2-12)

where I' is the mass flow of liquid divided by the wet perimeter. This can be
estimated from

T = L

2 (2-13)
mdpNg(a,/ap)

yielding a Reynolds number of about 2.2 when L = 10 kg/m2 s. For Reynolds
numbers below about 1000, Dukler's analysis gives

2 \1/3

= 0.36 . (2-14)

The effect of interfacial shear is negligible for these low Reynolds num-
bers. On a volumetric basis, then, we have

The very high volumetric heat transfer coefficients indicate that the heat
transfer from the liquid film to the packing is very effective. This is not
surprising since the molten salt has a high thermal conductivity and the lig-
uid film on the packing surface is thin. The results imply that the liquid is
coupled indirectly to the air through conduction in the packing and by sub-
sequent convection from dry areas to the air flow.

Since these correlations are valid for falling films, one must consider
alternative correlations for applications in which the liquid does not wet the
packing, e.g., mercury. McCormick and Baer (1963) determined the rate of
droplet growth in dropwise condensation. From their expression of droplet
growth, it is possible to determine the effective heat transfer coefficient at
the droplet—-condenser surface interface:

hy = 4.15kz/r . (2-16)

As an example, consider 0.25-mm-diameter mercury droplets, which are typical
of those depicted in flow visualization photographs presented by Mackey and
Warner (1973). This gives h, = 137,000 W/m? K, or for a wet surface area of
8% (as predicted from Eq. 2—1% of the total pfcking area, we have a volumetric

heat transfer coefficient of 3.8 x 10° W/m « We will make use of this
correlation, Eq. 2-16, in Section 4.0 when analyzing Mackey and Warner's data.
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2.5 Radiation Among Portions of the Dry Packing and Conduction Among Packing
Elements

These two mechanisms exist even when the bed has no liquid or gas flowing
through it. Mechanism 5 is the transfer of heat by radiation from one dry
area on a packing element to another at different temperature. Mechanism 6 is
the transfer of heat by conduction through the packing elements at a point of
contact with other packing elements.

For simple geometric packing elements, e.g., spheres, it is possible to cal-
culate the radiation component and the conduction component (Balakrishnan and
Pei 1979a). This information can then be incorporated into one of two possi=-
ble modeling techniques. In the first technique, the two~flux model (Larkin
and Churchill 1959), the bed would be divided into small elements in the axial
dimension, and flux entering (from adjoining elements) and flux leaving
(because of scattering of the incoming radiation and reradiation) the element
would be accounted for. The second technique is the effective thermal conduc-
tivity method. Here, the properties of the packed bed are used to calculate a
thermal conductivity that, when multiplied by the local axial temperature
gradient in the bed, yields the heat flux. The effective thermal conductivity
method has been popular with those modeling radiation and conduction in dry
packed beds (Young and See 1976, Kunii and Smith 1960).

The effective thermal conductivity technique is considerably simpler to imple-
ment for dimensional analysis purposes, and, as shown by Chen and Churchill
(1963), it yields reasonably close results. (They attributed differences
between their two-flux calculations and the effective thermal conductivity of
Schotte [1960] to uncertainty in the emissivity of the packing, not to dif-
ferences in the modeling techniques.) As we see shortly, precise estimates of
the radiation-conduction terms are not necessary.

For complex packing elements, an exact analysis of the radiation between
elements or packing-to-packing conduction is not possible. However, attempts
have been made to calculate an effective thermal conductivity for Raschig
rings with some success (Yagi and Kunii 1957). Their model involves thermal
conductivities of the gas and solid, packing size, and three dimensionless
length ratios. They found that at 700°C, the effective thermal conductivity
of a bed of 9-mm ceramic Raschig rings was about 20 times that of air.

Schotte (1960) claimed that the model of Yagi and Kunii breaks down for small
packing elements, and he presents an improved model for effective thermal
conductivity:

1 - ¢
=V -
krb = T . 1 + evhrdp + kc y (2-17)
k h d
p rp
where
T3 a
he = 0.1952¢, —L<1 - = ) (2-18)
106 ap

The first term in Eq. 2-17 represents radiation to the packing in series with
conduction through the packing, the second term represents radiation across

13
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void spaces between the packing elements, and the third term represents the
conduction component (to be taken from Figure 1 of Schotte). Using appropri-
ate values for 1/2-in. Pall rings with an emissivity of 0.90 corresponding to
oxidized steel, we find an effective thermal conductivity of 1.2 W/m K at
700°C, which compares very well with Yagi and Kunii's result of 20 times air
conductivity for similar conditions.

2.6 Radiation Among Portions of the Liquid Film

Portions of the liquid film "see" other parts of the liquid film and thus may
transfer heat by radiation. This may be calculated similarily to mechanism 5
without the conduction terms as derived by Schotte (1960):

T3 a
2 W
k = 0.1952dpeg—— — . (2-19)
r{ p 2106 ap

2.7 Radiation Between the Liquid and Dry Packing Surface

Finally, the liquid film and dry portions of the packing surface see one
another and exchange heat by radiation. Considering that the liquid film may
only see other parts of the liquid film or dry packing surface areas, the heat
flux exchanged by radiation between these two areas is

_o(Ty - 1) ,
Qupr = ———E-, 2-20)
where
1 - 1 - '
F = e, L, °p (2-21)

Egdy awFlp €pad

Because of the random nature of the liquid film flowing on the packing, it is
not possible to calculate the liquid-to-dry packing view factor Foo+ Since
the liquid may randomly appear anywhere in the field of view of an A ement of
dry packing and vice versa, we equate Flp with the fraction of dry surface
area, or

p=1—?. (2-22)

p

The volumetric heat transfer coefficient for radiation heat transfer between
the liquid film and the packing is then

Fg

o1y - T 0
halpr = F_(T_Tp)— . _23)

Since the liquid film and the packing temperatures are close, this may be sim-
plified to

40Tg

haglpr = F— . (2—24)

This 1s to be added to ha (defined in Eq. 2-15), but for practical situa-
tions ha << ha and may be neglected. From here on, we will have the

2
symbol ha;:-be thelgum of Eq. 2-15 and Eq. 2-24.

14
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3.0 HEAT TRANSFER EQUATIONS

We incorporated the heat transfer mechanisms discussed in the previous section
into a one-dimensional model in the dimension parallel to the liquid and gas
flow. We considered pure counterflowing gas and liquid, i.e., no backmixing,
and considered that three "continuous' phases exist in the bed: gas, liquid,
and the packing. Further, we ignored radial heat losses out the column wall,
assumed that the inlet gas and liquid temperatures were known, and assumed
that the gas was transparent to radiation.

Figure 3-1 shows the packed bed in schematic. The bed is divided into ele-
ments of thickness Ax in the flow direction x. At the top of the element,
liquid enters at temperature T,(x+Ax) and gas exits at temperature T (x+Ax).
At the bottom of the element, liquid exits at temperature TE(X) and ga% enters
at temperature T (x). In the bed the average temperature of the packing is
Tp(x). The equation describing a heat balance on the liquid in element Ax is

. dTy
mlCng(x + Ax) + krlAc 'aT' (x + Ax)

+ [Tg(x) - To(x)ThagoaxA.
. dT
+ [Tp(x) - To(x)]hagpAxAc = mgCyTo(x) + kypgAc E;£ (x) . (3-1)

We neglected terms (Ax)? and smaller. The first term is the enthalpy entering
the element due to liquid flow, the second term is the flux entering the ele-
ment due to radiation from the liquid above the element, the third term is the
transfer of heat from the air to the liquid in the volume of bed within the
element, and the fourth term 1is the transfer of heat from the packing to
the liquid in the volume. The two terms on the right side of the equation
represent the enthalpy leaving the element due to liquid flow and flux leaving

Ar g
X = H Te=Tg | / 8
. _~—Packed bed /
My '/,/ Tg /
X + Ax / Te
S SS SN
T \ /
n."9 Ax /
/
/ T
x=0 Tg = Tgu / >
T
(a) Bed schematic (b) Temperature profile

Figure 3-1. Bed Schematic Used to Develop Model
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the element due to radiation to liquid below the element, respectively. The
radiation terms are incorporated in the effective thermal conductivity k., and
in ha p as the radiation from the liquid to the packing.

In the limit as dx—0, Eq. 3-1 becomes

dTy d2T,
LCy ot kpg =z + (Tg - Tl)hagg + (Tp - Tl)hagp =0 . (3-2)
A similar equation expressing a heat balance on the gas in the element is
dTg

The terms represent enthalpy caused by the gas mass flow, heat transfer to the
liquid, and heat transfer to the packing, respectively. There are no radia-
tion terms in the heat balance on the gas.

The equation expressing a heat balance on the packing is

42t

— P - - = -

kep 2 + (Tg Tp)hagp + (Tz Tp)halp 0. (3-4)

The terms represent heat flux caused by conduction and radiation out of the
bed, heat transferred to the gas, and heat transferred to the liquid, respec-
tively. The radiation terms are incorporated in the bed's effective thermal
conductivity and in the radiation to the liquid in halp'

These equations can be made dimensionless with the following scaling:
x = x/H¢ g = Tg/Tyj
8g = To/Tq; 0p = Tp/Tgi -
The dimensionless form of the heat transfer equations then becomes
2
d<8y dég

+ Ay —— + A9(8, = 8g) + A3(08, - 89) =0
d;z 1 4 2\9g ) 3%%p L

de
—£ + 24005 - 8y) + A5(8y - 8,) = 0 (3-5)

dx

d2¢
p -
;;E— + X6(9g - Bp) + 17(92 - ep) =0 .

All the heat transfer coefficients, dimensions, flow rates, and property
values were incorporated into seven dimensionless groups, which are

\q = LCoHc _ enthalpy via liquid mass flux
1 Kpeg enthalpy via radiation
\y = halgHg _ _gas-liquid convection

) liquid-liquid radiation
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\x = halpH% _ liquid-packing convection/radiation
3 Keg liquid-liquid radiation

\s = hagoHe _ gas-liquid convection

4 GCpg enthalpy via gas mass flux

e = hag He _ __gas-packing convection

3 GCpg enthalpy via gas mass flux

e = hang% _ gas-packing convection

6 kKrb packing radiation

liquid-packing

A7 = halpHg - radiatgon and convection

keb packing radiation

The magnitude of the seven dimensionless groups was determined by using the
previously discussed correlations for K.g» hal , etc., for three cases:
(1) conditions typical of an experimental-sized DCHX with air and molten car-
bonate salt at 500°C, (2) conditions typical of a commercial-sized DCHX with
air and molten carbonate salt at 900°C, and (3) conditions typical of an
advanced commercial-sized DCHX operating at 1100°C. For case 3 the choice of
materials 1s unknown, so we will assume that the salt has similar properties
to the carbonate salt as used for cases 1 and 2 and that the packing has
properties similar to high purity alumina. Note that the larger, more open,
2-in. rings should allow more radiative heat transfer in the bed. We will
operate each case so the pressure drop is a nominal 1/2 in./ft (water column),
which 1is a typical packed-bed operating condition. Table 3-1 identifies
details of the three cases. Results are presented in Table 3-2.

At higher temperatures, the packing is fully wet. This is because of the
reduced salt viscosity. With little or no dry area, hag is negligible. The
heat transfer at the salt and air interface does not chagge much with temper-
ature. The bed radiative thermal conductivity k is reduced for the higher
temperature cases, again because there is very little dry surface for radia-
tive interchange. The radiative conductivity that does increase with tem-
perature is the salt-salt radiative conductivity k.o+ This is because of the
larger wet area and the higher average salt temperature.

Table 3-1. Packing Specifications

Case 1 Case 2

. 1/2-in. steel 2-in. Inconel , Case 3.
Packing . . 2-in., alumina

Pall rings, Pall rings, Pall ri

oxidized oxidized a rings
Column height (m) 0.61 5.0 5.0
Salt flow (kg/m? s) 10.7 20.0 20.0
Salt inlet (°C) 500 900 1100
Gas flow (kg/m? s) , 1.07 1.87 1.87
Gas inlet (°C) 450 700 700
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Table 3-2. Results of Packing Tests

Case 1 Case 2 Case 3
hag, 3165 3364 3364
hay 4.9 x 10° 1.1 x 10° 1.1 « 10°
ha, | 9349 5.9 5.9
K 0.95 0.23 0.23
kg 0.60 14.5 23.6
a,la, 0.45 0.99 0.99
A\ 1.9 x 10% 1.4 x 10% 0.8 x 10%
X 1.9 x 103 5.8 x 107 3.6 x 103
A3 3.0 x 10° 1.9 x 108 1.2 x 10°
" 1.6 7.6 7.6
A 4.9 0.13 0.13
Ag 3.7 x 103 6.4 x 102 6.4 x 102
Ay 1.9 x 10° 1.2 x 108 1.2 x 108

Considering the values of XA for case 1, we see that all those with radiative
terms in the denominator are very large. This means that the heat transfer
caused by salt-air convection, salt-packing convection, and air-packing con-
vection and enthalpy transfer caused by salt and air flow are much larger than
heat transfer due to the radiative mechanisms. Only A, and Xg are 0(1), mean-
ing that the convective terms are the same order as the enthalpy flux terms.
From this we would conclude that the radiative heat transfer mechanisms are
not important because the convective heat transfer coefficients are very
large.

The same observation holds true for the higher temperature cases. We note
that the A, which involve the air-packing terms (ks and Ag), are smaller than
in case 13 but since the air-packing convection 1s not important for these
cases due to a fully wet packing, the observation that radiation is not
important still holds. This is very significant because it means that in
commercial applications, even at the highest temperatures likely to be encoun-
tered, radiation heat transfer 1s not important relative to the convective
mechanisms. This conclusion is different from the dry packed bed where the
very large liquid convection terms are absent and the radiative terms must be
retained.

Without the radiative terms, the equations simplify considerably. Namely, we

are left with three coupled first-order linear differential equations of the
form:

A18y * A2(8g - 8g) + A3(8p = 8g) = O (3-6a)
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!
8g + A4(8g ~ 8g) + As5(8g = 8p) = 0 (3-6b)
rg(Bg = 8p) + A7(8y = 8p) =0, (3-6c)
where
o'z &8
" dx

Eq. 3-6c can be eliminated, yielding two coupled equations

' A6
A16g + )\2(9g - 8g) + X3<m>(9g 8g) =0

(3-7)
0, + 24(05 - 85) + A5l )(o,- 8g) = 0
g 4'%g T ¥g 3\x7 * 2g/ 8 ¥
with the boundary conditions
0g(0) = 857 and 8e(1) =1 .

If the property values and hence A's can be assumed to be constant, these
equations can be solved exactly. To confirm that property value variation did
not significantly affect the results, we first solved Eq. 3-7 with variable
properties. This was accomplished with the shooting method; i.e., we guessed
at 6,(0) and solved Eq. 3-7 using a forward difference scheme from x = 0 to
x = f. By adjusting the guess for 8,(0), we eventually converged on the cor-
rect solution, which required that 8y 1) = 1. Property values were calculated
for air and for the carbonate salt at each step in the finite difference cal-
culation. We tested this procedure against a constant property solution and
found that if we used the property values calculated at the mean temperature
for each stream as the constant property, the solution was very close to the
variable property calculation.

Without the radiation terms and assuming constant properties, Eq. 3-7 simply
describes heat transfer in a counterflow heat exchanger. It is a straight-
forward procedure to solve the equations if needed. However, the volumetric
heat transfer coefficient can be extracted from the differential equations
with

VT, - Ty MTH gx

g 421 o LACCy d8y

Equation 3-7 may by manipulated to give an expression for deg/d§, resulting in
ha hal

hagp + hazp

Ua = hagl +
Equation 3-8 simply states that the overall heat transfer coefficient is com-
posed of the liquid-gas thermal resistance in parallel with the series combi=-
nation of the liquid-packing resistance and the gas-packing resistance. Since
we found that ha is very large, Eq. 3-8 simplifies to Ua = ha + ha

. % . 2 *
However, we will rgtaln the more general form, Eq. 3-8. The resulé% may a%go
be expressed in terms of the height-of-a-transfer unit if desired:
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TR-3056
el
Hpy = - . (3-9)

To meet the requirement that the average of the inlet and outlet temperatures
for each fluid stream be used to calculate the fluid properties, an iterative
solution was used. Results can be given as either Ua or H., as a function of
G, L, Ty;» and fluid and packing properties.
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4.0 RESULTS

A comparison of the results of the present model with that of Huang (1982)
along with Huang's data are shown in Figures 4-1 through 4-7. In Figures 4-1
through 4-6 the volumetric heat transfer coefficient Ua is plotted against G
with L held constant. In all these plots we see that the results for haz

(the convective heat transfer at the liquid-gas interface to be compared witﬁ
Huang's model) consistently agree better with Huang's data than Huang's model,
even though the derivation for both models is based on the mass transfer
analogy. We attribute the difference to our usage of a 2/3 power on the
Schmidt-Prandtl number ratio in the mass transfer-heat transfer analogy while
Huang used a 1/2 power. Note, however, that neither model appears to exhibit
the same slope as the data, and this suggests a more fundamental problem with
using mass transfer data to predict heat transfer for packed beds.

For all three types and two sizes of packing (ceramic Raschig rings, carbon
steel pall rings, and ceramic Intalox saddles, l-in. [not shown here] and
1-1/2-in. sizes) the correction for conduction (see curve labeled Ua) in the
packing further improves the agreement with the data. Generally, this correc-
tion is fairly small because the wet areas are a large fraction of the total
packing area. Wet areas ranged from 80% to 90% of the packing area. Since
the conduction correction is applied only over the dry area, the increase in
heat transfer area is small, e.g., 10%Z to 20% of the packing area. The cor-
rection for the Intalox saddles is the largest because the saddles exhibit the
smallest wet area, 80% to 82%Z. The correction for the Pall rings is the
smallest because they exhibit the largest wet area, 86% to 90%.

A comparison of the data and models at fixed G and variable L is shown in Fig-
ure 4-7. Similar conclusions can be drawn herej e.g., the models do not pre-
dict the same sensitivity to L as do the data, general agreement is fairly
good, and the present model with the conduction correction is an improvement
over the original model by Huang (1982).

Comparison of the model results with Mackey and Warner's experimental results
(1972) is a relatively severe test because their use of mercury minimized
wetting of the packing. Since our main interest is in applications where the
packing is well wet, comparison of the model results with nonwetting data is
mostly of academic interest. It was pointed out earlier that for nonwetting
liquids, the use of a drop-wise condensation model for the heat transfer
between the liquid and the packing was more sensible than a falling film
model. However, since we found that ’

>>
hale hagp

for either the drop-wise or the falling-film model, we have simply

Ua = ha_, + ha ’

gh gP

and the choice of model for ‘nazp is immaterial.
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A problem with the comparison of interest here is determining the critical
surface tension o.,. For the mercury system, which is nonwetting, we have
g, < o, but very fittle additional information is available. Thus, we have
chosen to use o, as a parameter for the comparison. The upper limit to . is
o = 484 for mercury.

Figure 4-8 expresses the results in terms of the height-of-a-transfer unit vs.
gas Reynolds number. Good agreement of the present model for ha with the
Mackey and Warner measurement of the direct component is seen for ©. = 300 to
400 N/m. This range of critical surface tension produces wet surface areas
from 27% to 32%, which seems somewhat high by comparison with Mackey and
Warner's flow visualization photograph. As a result, the fin effect correc-
tion is too large, producing Htu about half that of Mackey and Warner's exper-
imental data for combined direct and indirect heat transfer.

Using a lower critical surface tension of o_ = 100 N/m produces wet areas of
13%, which is more consistent with Mackey and Warner's visualization photo-
graph. However, we then have o/o_ < 0.3, which is outside the range of appli-
cability of Eq. 2-1. Therefore, we conclude that since Onda's wetting corre-
lation, Eq. 2-1, was not tested for very high surface tension liquids, its
applicability and the applicability of the present model is limited to lower
surface tension liquids, specifically those that wet the packing surface.
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v 0.8
C =
[
= 06
5 R
b=
o 04
Q
I
.° ..'. d¢
02 1 ] I l': | I
200 400 600 8001000 2000
Gas Reynolds Number = dpG/uev

Figure 4-8. Comparison of Present Model
with Results of Mackey and Warnmer (M&W),
L = 11.0 kg/m? s. o M&W data, M&W
Direct Component, — — Present Model
for hal s eseees Present Model for Ua,
1/2-in. Carbon Raschig Rings.

24




SERI @ TR-3056

Another important conclusion from 16 l
Mackey and Warner's data is that the ! ! g
effect of radiation 1s negligible. 15 ~

Mackey and Warner compared results

from the room temperature air and G 14 ~
mercury system with results from °

1 3 E 13_ -
their lead and nitrogen system at E
450°C and found that Ua varied by = L L =71 i

- . ~ 12 .

less than 5% for this large tempera- o
ture change. Thus, consistent with S5 11F -

the analysis presented here, radia-
tion heat transfer does not play an 10

important role in an irrigated packed L =24.86

9 | h 1
bed DCHX. 050 087 125 162 200

. . G (kg/m2 s)

Finally, we wish to report on pre-
liminary measurements of Ua in an air
and molten salt system at 550°C Figure 4-9. Comparison of the Pres-
performed as a part of the work ent Model with Experimental Results
presented in this paper. A more for Air-Molten Carbonate Salt at
detailed discussion of the experi- 550°C, 5/8-in. Stainless Steel Pall
mental apparatus will be presented in Rings. o Experimental Data,

the near future. Model Results, L = 7.7 kg/m2 8.

Measurements were made in a 0.152-m inside diameter packed column, 0.61-m bed
height. The packing was oxidized 5/8-in. stainless steel Pall rings, and the
salt was the eutectic of lithium-sodium-potassium carbonate (43.5%, 31.5%,
25.0%, molar, respectively), which melts at 397°C. Preheated air at about
450°C was supplied by an electric air heater at the base of the column and
distributed uniformly to the bed base. Salt was distributed by a three-hole
canister-type liquid distributor that, in turn, was fed from a single salt
inlet pipe.

Our previous experience indicated that measuring Ua from the terminal air and
salt temperatures is exceptionally difficult and leads to conservative esti-
mates of Ua (Bohn 1985). This is primarily because the air outlet temperature
and the salt inlet temperature are very close, and small errors (caused by
two-phase flow and radiation) produce large errors in the log-mean tempera-
ture wused to calculate Ua. To avoid this difficulty in the present experi-
ments, we measured the salt temperature distribution in the packed bed with
thermocouples designed to sense only the molten salt temperature. According
to the model presented herein, this temperature distribution should be
exponential in axial distance through the bed. Fitting the measured bed salt
temperatures to an exponential curve yields the volumetric heat transfer
coefficient. Typically, the correlation coefficients for these curve fits are
0.95 or better.

Results are presented in Figure 4-9 for experimental points at fixed liquid
rate and three air rates. Comparison with the model shows very good agreement
for two of the points (better than 6%) and reasonable agreement with one point
(better than 24%). The range of air flow tested here covers a large fraction
of the actual column working range. It would be useful to test a range of
liquid flow rates, although based on our previous work and results of others,
L has a fairly weak effect on Ua. We also intend to test a range of
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temperatures to confirm a lack of effect of radiation heat transfer.
Nevertheless, this preliminary set of data seems to confirm that the model can
predict with reasonable accuracy heat transfer in an irrigated packed column
DCHX. It is also important to note that the measured and predicted volumetric
heat transfer coefficients are about 3 to 4 times larger than we measured
earlier because of the previously mentioned experimental difficulties (Bohn
1985). Since our previous work concluded that DCHX was a very cost-effective
technology for heating gases with liquids, results presented herein reinforce

this conclusion and, in fact, show that DCHX is even more cost effective than
previously thought.
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5.0 CONCLUSIONS

We have presented a model of direct-contact heat exchange in an irrigated,
packed bed operating at high temperatures. All modes of heat exchange were
accounted for in the model, and each was modeled with correlations available
in the literature. Most of these correlations have been thoroughly tested and
are based on a wide range of packing sizes, so we expect the model to be
applicable to commercial-sized heat exchangers. A dimensionless analysis
reveals that for such systems operating even at the highest reasonable temper-
atures, radiation heat transfer is not important compared with the convective
terms in the equations. The model also includes, in an explicit manner, the
- packing conduction effect recognized by several researchers but not previously
modeled.

The unimportance of radiation heat transfer is confirmed by data available in
the literature. Comparison of the model with literature data also indicates
that our model predicts the experimental data more accurately than do other
models, and that the correction for packing conduction further improves the
comparison with the data. Generally, the resulting model fits the data within
experimental scatter, although note that none of the mass-transfer-analogy
base models predict the sensitivity of Ua to L or G accurately. This suggests
a fundamental problem with using the analogy even though results of sufficient
accuracy for engineering purposes seem possible. Usage of the model is not
recommended for liquids that do not wet the packing. Finally, comparison with
experimental data for air and molten salt data at high temperatures indicates
good agreement with the model for at least a restricted range of liquid flow
rates.
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