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EXPERIMENT AND ECONOMIC ANALYSIS OF 
AN AIR/l!OLTEN SALT DIRECT-CONTACT HEAT EXCHANGER 

Mark S • .  Bohn 
Solar Energy Research Institute 

Golden, Colorado 80401 

ABSTRACT 

Direct-contact heat exchange (DCHX) has sev­
eral advantages over conventional finned-tube heat 
exchangers. Without the intervening tube wall, 
thennal resistance is lower and fouling of the 
heat-exchange surface is not a problem. Intimate 
mixing of the two fluid streams can produce very 
high rates of heat transfer. The heat exchanger 
design can be simpler, require less construction 
material, and provide more flexibility in choice of 
macerials. 

l!IOMENCLATURE 

cp air specific heat (J/kg 0c) 

? salt specific heat, liquid (J/kg 0c) s 
ma air flow rate (kg/hr) 

ms salt flow rate (kg/hr) 

Q rate of heat transfer to the air (W) a 
Q rate of heat transfer from the salt (W) s 

air inlet temperature C0T c) 
ai 

o
T air outlet temperature ( C) ao 

osalt inlet temperature (T C) si 
°T salt outlet temperature ( C) so 

Ua over ll volumetric heat transfer coefficient �
(W/m 0c) 

3
VP volume of packing (m ) 

°�T log mean temperature difference ( C) c 

INTRODUCTION 

The DCHX consists of a column substantially 
filled with a packing material. 'Th.e packing mater­
ial consists of rings or saddles that are generally 
two or three inches in size for large columns and 
are dumped in the column in a random arrangement. 
One fluid is introduced at the top of the vessel 
and flows downward; the other is introduced at the 
bottom of the vessel and flows in a countercurrent 
up through the vessel. By properly distributing 
the liquid at the top of the packing, the flow 
occurs in the form of many small rivulets flowing 

over the packing. The packing increases the sur­
face area between the two phases and increases the 
time during which the liquid stream is exposed to 
the gas greatly increasing the rate of heat trans­
fer per un�t volume of heat exchanger. 

DCHX is especially attractive in applications 
in which it is necessary to transfer heat between a 
gas and a liquid because large rates of heat trans­
fer can be achieved without the added expense of 
finned tubes. Among solar thermal technologies, 
two examples include high-temperature process air 
and the Brayton cycle (Fig. 1). In both examples, 
solar energy provides a heat source at a central 
receiver in which molten salt cools the receiver, 
thereby transferring the solar energy to a storage 
device. Molten salt is the logical heat transfer 
fluid at high temperatures because it exhibits very 
lOW' vapor pressure, high sensible heat storage, 
excellent heat transfer characteristics, and be­
cause it is relatively benign toward receiver con­
tainment materials (at temperatures below 600°c for 
state-of-the-art salts). 

In either concept, it is necessary to transfer 
heat from the molten salt to air. Conventional 
heat-exchange technology for transferring this heat 
would be a finned-tube heat exchanger. The molten 
salt is pumped through the tubes and air is pumped 
over the finned outside surface of the tubes. In 
the DCHX concept, molten salt would be introduced 
at the top of a packed column and the air would be 
blOW"n up through the bottom of the column. 

Because of the lack of heat transfer data or 
design correlations, it is not possible at this 
time to accurately assess the economic potential of 
direct-contact heat exchange. Such an assessment 
requires us to determine the rate of heat transfer 
per unit volume in the DCHX. This determines the 
required size (and therefore cost) of the column 
that must deliver the required amount of heat to 
the air. It also determines the costs associated 
with operating the equipment--primarily, the cost 
of blowing the air.through the column. 

It is possible to use mass transfer data by 
assuming that the mass transfer-heat transfer 
analogy is valid [l]. However, there are a number 
of reasons to suspect this approach, and, 
therefore, an experimental determination of the 
heac =ransfer coefficients is advisable. 
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Figure 1. Applications for Direct-Coutact Beat 
Exchangers 

The objective of the present work is three­
fold: (i) the experimental determination of heat­
transfer coefficients in direct-contact heat ex­
change between molten salt and air, (ii) the cal­
culation of these heat-transfer coefficients based 
on the :nass transfer analogy and comparison with 
the experimental data, and (iii) an economic analy­
sis using the experimental data and comparing DCHX 
with conventional finned-tube heat exchangers. In 
general, the objective of the present work is to 
determine if, and in what applications, DCHX is a 
cost-effective technology. This paper describes 
the experimental apparatus, methods, and the re­
sults that are compared with the calculated val­
ues. Then, results of an economic analysis are 
presented that compare the cost-effectiveness of 
DCHX and finned-tube heat ex changers in several 
applications. For a more detailed treatment of 
this subject, the reader is referred to Bohn 
(1983). 

En'ERIMENTAL MEASUREMENTS OF VOLlMETR.IC 
HEAT TRANSFER COEFFICIENTS 

Descriptiou of the Apparatus 

A flow diagram of the experimental apparatus 
is given in Fig. 2, and a detailed diagram of the 
packed column is shown in Fig. 3. The test loop is 
a batch operation, with regulated air pressure on 
the upper tank providing regulated salt flow 
through the salt valve. The upper tank is filled 
.with molten salt and pressurized to approximately 
1/2 atm. gauge. In this way, the salt flow is 
affected minimally by the loss of salt head in the 
upper tank. The salt flows through the salt valve 
into the top of the column and into a distributor 
that provides uniform salt flow onto the top of the -
pac..�ing. The packing bed is supported by a gas in­
jection support plate that allows the salt to flow 
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Figure 3. Details of the Packed Column 

downward while providing a uniform air distribution 
at the bottom of the packing. After the air passes 
up through the bed, it flows around the annular gap 
between the salt distributor and the column's in­
side diameter. The air then flows through a wire 
mesh demister that removes any small salt droplets 
before the air flows out of the column. Salt flow­
ing out of the bottom of the bed is collected at 
the bottom of the column and flows to the lcr.Jer 
salt tank. 

The column size used in this experiment was 
quite typical of those in pilot-scale studies. De­
tails of the column design, including size, dis­
tributors, bed height, packing size, etc., were 
chosen with the assistance of Norton Chemical Com­
pany, Rolling Meadows, Illinois. The entire test 
loop , with the exception of the salt valve, was 
constructed of 304 stainless steel. The salt valve 
was made of 316 stainless steel. 

Air supplied at the bottom of the colc:mn was 
preheated by a 9-kW electric preheater powered by 
an SCR (silicon-controlled rectifier) power supply . 

A proportional-integral process controller supplies 
the control signal to the SCR power supply based on 
the desired air temperature and the measured air 
temperature at the preheater outlet. A two­
cylinder, oil-free, 10-hp compressor supplies air 
to the preheater. 

Instrumentation 

The air flow rate was measured by an inline 
mass flow transducer manufactured by Datametrics, 
Inc. The salt flow rate was determined by a bub­
bler system that continuously monitored the level 
of salt in the lower salt tank. The lower tank 
volume was calibrated by filling it with water in 
5-liter increments and recording the bubbler volt­
age output. 

All thermocouples were Chromel-Alumel 
(type K). Salt inlet temperature was determined by 
a probe inserted into the vertical portion of the 
pipe from the upper tank. ntis probe should be a 
very good measure of salt inlet temperature since 
it is totally immersed in salt just before it flows 
into the salt distributor. This temperature was 
typically within 2°c of the upper-tank salt temper­
ature. Salt outlet temperature was determined by a 
probe inserted in the pipe leading out of the bot­
tom of the column. The probe was inserted just to 
the point where the cone at the bottom of the 
column begins to expand. The probe was exposed to 
rivulets dripping from the packing support plate 
and is the best compromise for measuring salt out­
let temperature. Constraints on this measurement 
include the trace heating on the column wall, which 
could affect the temperature of salt flowing along 
the wall, and air entering the column at a lower 
temperature than the salt leaving the column, which 
could reduce the outlet salt temperature reading if 
the probe were inserted further into the column. 
Tite response of this probe to sudden changes in the 
salt flow, air flow, and air inlet temperature sug­
gests that the probe gives a good indication of 
salt outlet temperature. Air inlet temperature was 
determined by a probe inserted into the horizontal 
portion of the air inlet pipe and sensed the tem­
perature of the air about 20 cm from the column. 
Air outlet temperature was determined by a probe 
inserted through the column just belcr.J the 
demister. Secondary measurements included upper­
tank salt and surface temperatures, lower tank sur­
face temperature, column surface temperature, bed 
temperature, and the pressure differential between 
the preheater outlet pipe and the column air outlet 
pipe. 

Data were recorded by a Hewlett-Packard Model 
85 computer which gave printed, displayed, and 
plotted information. A Leeds and Northrup strip 
chart also recorded surface temperatures, air flow 
rate, and bubbler output. Maximum air flow rates 
should generate operation near the loading point 
(Ap = 1.5 in./f t). 

The maximum operating temperature of 350"C was 
chosen because common nitrate salts do not cause 
excessive corrosion with stainless sceel alloys at 
that temperature. From what is known about mater­
ials compatibility, adequate operating time could 
be expected from the apparatus if operation ;;ere 
limited to 35o0c. 
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The heat tracing required to bring the loop 
initially up to operating temperature and to main­
tain this temperature was high-temperature tracing 
supplied by Nelson Electric. The tracing consisted 
of a stainless shell with nichrome wire inside, in­
sulated from the shell with a refractory insula­
tion. Approximately 50 m of the heat tracing was 
required to provide adequate heating. The test 
loop was then insulated with Johns-Manville Cera­
wool blanket to a thickness of approximately 15 cm. 

Beat Transfer Measurements and Procedures 

Using the inlet and outlet salt and air tem­
peratures and the salt and air flow rates, the rate 
of heat transfer can be determined from 

0s = ms Cs (Tsi - Tso) (1) 

Qa "'maCpCTao - Tai) • (2) 

Eq. (l) gives the rate of heat transfer from the 
salt and Eq. (2) gives the rate of heat transfer to 
the air. A comparison of Qs and Qa gives a quanti­
tative measure of the quality of the heat transfer 
data since, in the absence of heat losses and mea­
surement errors, Og = Q • We will, therefore, 
refer to the absolute vafue of the quantity 100(1-
0s/Qa)r. as the heat balance for the experiment. 

The volumetric heat transfer coefficient can 
then be calculated from 

Ua "' � (3) Vp ';n 
where VP is the volume of the packing (0 .0167 m3) 
and t. Tm is the log-mean temperature difference: 

( 4) 

The value of Q in Eq. (3) can be either Qs or Qa; 
the error in Ua is, therefore, also the heat bal­
ance for the experiment. 

Experime ntally , it was possible to vary tha 
salt flow rate, the air flow rate, and the salt and 
air inlet temperatures. The last two variables are 
of secondary importance (as long as the air inlet 
temperature is above the salt freezing point) and 
were, therefore, not varied. in any systematic way. 
The salt flow rate was varied from SO to 200 kg/hr 
and the air flow was varied from 30 to 50 kg/hr. 
Higher salt flow rates could be attained, but this 
would have resulted in run times too short to es­
tablish steady conditions--a crucial requirement 
for good data (i.e. small values of the neat bal­
ance). Air flow rates =ch larger than 50 kg/hr 
would produce colu mn flooding. 

The system was maintained at operating tem­
perature continuously for about six months, with 
the exception of downtime for repairs. To minimize 
the time required to reach steady state, the heat 
trace was set so that the bed temperature was 
fairly close to the upper-tank salt temperature. 
Pressure was applied to the upper tank from the 

regulated air supply and the salt valve was 
opened. Achieving constant salt flow rate, as 
indicated by the bubbler output trace, generally 
required 20 minutes, Air flow could then be set to 
the desired value (it was helpful to heat the pre­
heater to about 200°c before turning on the air), 
and when steady state was achieved, the air flow 
could be adju sted to a new setting. An examination 
of the data indicated that the best heat balances 
were achieved when the salt flow was the most uni­
form and when no adjustments of the salt valve or 
tank pressure were necessary. 

lresults and Discussion 

Experimental data are presented in Fig. 4 in 
the form of volumetric heat transfer coefficient 
versus air flow rate with salt flow as a parameter, 
in addition to calculated values based on the mass 
transfer analogy. The data are also shown in 
Table l, with heat transfer coefficients calculated 
from the mass transfer analogy. 
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Figure 4. Overall Volumetric Heat Transfer 
Coefficients 'Based on Experilllental Data 

The experimental heat transfer coefficients do 
not appear to depend on salt flow rate, because all 
the data for m =40 kg/hr and for 57 ( ms " 170 
vary by only a 'few percentage points. The varia­
tion with air flow is relatively strong--a best fit 
produces 

Ua "'21.l m l.28 , a (5) 

where ma is in kg/hr and Ua is in W/m3°c. 

As shown in the last column of Table l, heat 
transfer coefficients calculated from mass transfer 
data underestimate measured heat transfer coeffi­
cients, except at large salt flows, Overall heat 
transfer coefficients calculated from mass transfer 
data are shown in Fig. 4 for two salt flow rates, 
170 and 60 kg/hr. These results further demon-
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Table l. Heat Transfer Data and Comparison with 
Mass Transfer Calculations 

Salt Inlet 
Temperature 

( oC )

Air Flow 
( kg/hr) 

Salt Flow 
( kg/hr) 

Measured 
Ua 

(W/m3 0c) 
Heat 

Balance 

Calculated 
Ua 

3 (W/m 0c) 

342 
348 
341 
353 
349 
348 
348 
342 

30.8 
30.9 
40.7 
40.5 
40.3 
40.2 
50.5 
50.9 

168 
83 

171 
57 

170 
110 

96 
168 

1820 
1771 
2252 
2203 
2164 
2228 
3520 
3351 

±3% 
2 
6 
3 
4 
1 
5 
s 

2171 
1429 
2896 
1478 
2854 
2189 
2535 
3574 

strate the lack of sensitivity to salt flow rate of 
the heat transfer data compared with the mass 
transfer data. 

Overall system pressure drop is plotted in 
Fig. 5. Recall that this is a measure of the dif­
ferential pressure from the column air inlet pipe 
to the colW!IIl air outlet pipe. Therefore, it 
includes not only pressure drop across the bed, but 
expansion and contraction losses at the column in­
let and column outlet, and loss across the air dis­
tributor, salt distributor, and demister. Addi­
tional pressure-drop data were taken with zero salt 
flow to determine the contribution of all these 
column components. These data permit only a quali­
tative assessment of the bed pressure drop, how­
ever, because the bed pressure drop is only about 
30.%-40% of the measured system pressure drop. A 
satisfactory method of measuring bed pressure drop 
could not l:e found, because of the difficulty of 
isolating the high -temperature salt from a pressure 
sensing port or isolation diaphragm .  

ECON<lfIC ANALYSIS 

With experimental and theoretical values for 
the heat transfer coefficient, one can proceed to 
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Figure S. Overall System Pressure Drop 

determine the economic value of DCHX. Rather than 
basing economic calculations solely on the mass 
transfer data, actual heat transfer data should 
give us more confidence in the results. For sev­
eral reasons, the experimental data cannot be 
a pplied directly to a commercial-size DCHX; there­
fore, even these results require some caution in 
interpretation. 

Method of the Analysis 

An economic comparison of DCHX and finned-tube 
exchangers can be made by considering all capital 
and operating costs associated with the heat· 
exchanger. The methodology (see Bohn 1983) then 
calculates the annual levelized cost. The annual 
levelized cost is the constant annual cost (in 
fixed dollars) which, if paid over the lifetime of 
the heat exchanger, would have a present value 
equal to the present value of the actual costs 
incurred over the lifetime of the heat exchanger. 
Because it computes one single cost, this method 
can take into account (i) escalation rates , 
(ii) depreciation, (iii) discount rates, (iv) life­
time, and (v) tax rates. This method. and values 
for parameters (i) through (v) used in the 
analysis, are described in Bohn (1983). 

To determine capital cost, we l!llst know the 
size of the heat exchanger and the materials of 
construction. The first is determined by the 
required heat duty, overall heat-exchange coeffi­
cients, and log-mean temperature differences, 
Materials of construction are determined by operat­
ing temperature and working fluids. For the sake 
of consistency, all capital costs have been deter­
mined from data given by Peters and Timmerhaus 
(1980) for finned-tube heat exchangers· and for 
packed towers. 

For the finned-tube heat exchanger, we used 
the characteristics of the heat exchanger core 
denoted CF8.8 l.OJ (A) by Kays and London (1964), 
which consists of. 1-in. o.d. tubes on 1.96-in. 
spacing with spiral-wound fins--at 8.8 fins per 
inch and 0,012-in. fin thickness. Data on the core 
includes the Colburn "j" factor (the heat transfer 
coefficient on the air side) and the friction fac­
tor as a function of air-side Reynolds number. The 
salt-side Reynolds number was designated a constant 
(10,000) because the overall heat transfer coeffi­
cient was not a strong function of the salt-side 
Reynolds number as long as the salt flow was turbu -



lent. Also, salt-side pumping work is negligible, 
so salt-side pressure drop need be considered only 
from the standpoint of tube stress at elevated tem­
peratures. 

For the finned-tube heat exchanger, salt flows 
through the tubes and air flows across the finned­
t ube banks (cross flow arrangement). Given the flow 
rates (determined from the given heat duty and 
terminal temperatures) and the terminal tempera­
tures, the heat exchanger's effectiveness is deter­
mined. Then, the required number of transfer units 
(NTU) is determined from equations for crossflow 
exchangers. Beginning with the lowest air-side 
Reynolds number for which the heat exchanger core 
data is given, the frontal area of the core is 
determined, the air-side heat transfer coefficient 
is calculated, the fin efficiencies are calculated, 
and the overall heat transfer coefficient is then 
determined. From NTIJ one may calculate the 
required total heat transfer surface required that 
determines the core dimension in the air-flow 
direction which also determines the core pressure 
drop. After the surf ace area and pressure drop are 
obtained, the capital cost may be calculated. This 
procedure is repeated for increasing· air-side 
Reynolds numbers until a minimum cost results. The 
heat exchanger core was restricted to the maximum 
heat transfer area for which cost data are pr1-
sented in Peters and Timmerhaus (1980): 900 m • 

This corresponds to a shell diameter of 2 .77 m 
(9.0 ft) for 4.87-m(l6-ft)-long 2.54-cm(l-in. )-o.d. 
tubes. Multiple heat exchangers are specified when 
heat duties require more than this maximum heat 
transfer area. 

Optimization of the DCHX is somewhat different 
because of flooding constraints. Outlet air tem­
perature cannot be specified a priori. Beginning 
with a column diameter of 1 m (the smallest diam­
eter for which cost data is available), the volume 
of packing is calculated. (The shortest practical 
column height, equal to the diameter, was used 
because this always minimized annual cost. Column 
diameters larger than the column height produce 
problems with uniform salt and air distribution in 
the column.) For an assumed value of the overall 
heat-transfer coefficient, the log-mean temperature 
is determined, and, therefore, the air outl tem­
perature is known. This determines the air flow 

.et 

rate; from the generalized pressure drop correla­
tion, we may determine the pressure drop. Diam­
eters that produce operating conditions off the 
generalized pressure drop map are rejected. A max­
imum column diameter of 5 m was used, since this is 
the largest for which Peters and Timmerhaus give 
cost data. The packing type used in the calcula­
tions was 2-inch stainless steel pall rings. With 
the column size and pressure drop, the annual cost 
may be calculated. The procedure is repeated for 
increasing column diameters, giving annual cost as 
a function of approach temperature (air outlet tem­
perature). The overall volumetric heat transfer is 
taken as a 12.arameter; the values Ua ,. 2000, 3000, 
and 4000 W/mj 0c were used. We can then use the 
experimental values of Ua, or the calculated values 
of Ua, along with the results of this economic cal­
culation (which will also give sensitivity to Ua) 
to appraise the economic viability of DCHX relative 
to finned-tube heat exchangers. 

Table 2 summarizes the assumed materials of 
construction for both types of heat exchangers used 
for the calculation as a function of salt inlet 
temperature. The assumed air inlet temperature is 
also given for the three salt temperatures that 
were run. 

Table 2. Materials of Construction 

Temperatures 
DCHX Finned-Tube 

Salt in Air In 

360°C 200°c Stainless Pall rings in Carbon-steel tubes and fins 
an externally insulated 
carbon-steel column 

560°C 2S0°C Stainless Pall rings in Stainless tubes and fins 
an externally insulated 
stainless column 

5S0°C 99% alumina saddles in Incoloy 800 tubes and fins 
an internally insulated 
carbon steel column with 
Inconel liner 

It will be necessary to perform heat-transfer 
experiments at full-scale to determine how the 
larger packing required for commercial-size columns 
P.erform relGtive to the 1/2-in. packing tested 
here before recommending DCHX for com mercial appli­
cation. In the absence of such full-scale data, we 
must rely on mass transfer data. Since extensive 
mass transfer data are available for almost all 
packings (types and sizes), we can easily determine 
mass transfer coefficient dependence in packing 
size and type. Comparing the present heat transfer 
data with mass transfer calculations provides the 
only guidance to the applicability of the a pproach. 
For a detailed discussion of this comparison, see 
Bohn (1983). 

Based on experimental data and corresponding 
heat transfer coefficients calculated from mass 
transfer data, an appropriate range of heat­
transfer coefficient ua for the 1/2·-in. Raschig 

3rings is 1800-3500 H/m 0c. It seems reasonable to 
perform the economic calculations based on a range 
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3 °of Ua from 2000-4000 W/m c for the comaercial­
size DCHX. One can then assess the sensitivity of 
the eocnomics on Ua until a full range of data at 
full scale is made available. 

Re sults 

Figures 6, 7, and 8 give the results of the 
economic analysis. Each figure gives the cost of 
transferring 1 GJ of energy as a function of air 
outlet temperature. Tiie graphs present results for 
1 atm operating pressure. As the air outlet tem­
perature approaches the salt inlet temperature,  
more surface area for the finned-tube heat 
exchanger is required and more volume of packing is 
required for the DCHX. Tiiis is because the log­
mean temperature difference (Eq. 4) is reduced and 
this increases the packing volume for a fixed heat­
transfer coefficient and heat duty (Eq. 3). Tiiis 
can be compensated by increasing the air flow to 
increase the heat-transfer coefficient, but this 
also increases operating costs. 

Generally, DCHX provide closer temperature 
approaches than finned-tube exchangers before a 
rapid increase in cost results. The curves for the 
DCHX for given Ua increase for low outlet air tem­
perature because the volumetric heat-transfer coef­
ficient has been artifically fixed, and the only 
way to reduce outlet temperature is to increase air 
flow (which drives up. the cost). For 
Ua = 3 2000 W/m 0c, this is generally not seen for 
che temperature approaches presented, less than 
3o0c. 

Calculations for a higher operating pressure 
(5 atm, not given in graphical form) were for 
5 l1W or :2 MW heat duty, while those for 1 atm th th 
pressure were for l MW ' The higher-pressure th
units generally resulted in maximum-sized packed 
columns (5 m x 5 m). Larger columns can be built, 
but since cost data were restricted to a 5 m 
diameter, • .. calculations were restricted to this 
diameter for consistency. Also, the finned-tube 
heat exchanger tended to reach maximum size 

2(900 m ) before the DCHX. One major conclusion, 
then, is that DCHX provides substantially more heat 
transfer capacity per a given size of equillUent, 

Tile cost advantage of DCHX relative to finned­
tube heat exchangers is not a strong function of 
approach (difference between salt inlet and air 
outlet temperatures), except for small approaches 
where the finned-tube costs increase more rapidly. 
Table 3 gives the cost ratio from all six cases at 

°a 10 C approach. Tile DCHX curve for Ua = 3000 W/
3 m 0c was used in each case.

Table 3. Cost of Transfe=ing Heat via 
DCBX Relative to Finned-Tube 
Heat Exchangers 

Operating Pressure 
Temperature 

l atm 5 atm 

360°C 0.44 0.46 
560°C 0.46 0.57 
760°C 0.18 0.26 
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There appeared to be no large decrease in this 
° °ratio in going from 360 C to 560 C, because the 

cost of construction materials increased substan­
tially for both types of heat exchanget"s. If we
used an internally insulated carbon-steel column 

°with stainless steel Pall rings for 560 C, a signi­
ficant impt"ovement would result. (Since this 
represents a larger technical risk than the extern­
ally insulated stainless steel column, it is not a 
fair comparison with commercially available stain­
less-steel finned-tube heat exchangers. ) The large 

°t"eduction in relative cost in going from 560 c to 
076o c is due to the avoidance of high alloys in the 

DCHX, while the finned-tube does require such 
materials of construction. Even though the high­
purity alumina packing is more costly than a stain­
less-steel packing, using a carbon-steel column 
provides a very large cost advantage over the 
Incolloy finned-tube heat exchanger. 

Conclusions 

Volumetric heat-transfer coefficients in the 
3 0range of 1800-3500 W/m c were measured experi­

mental!y. '!'he coefficient depends on air flow rate 
but not on salt flow rate. Heat-transfer coeffi­
cients based on mass transfer data shCM dependence 
on both air flow and salt flow. Thus, the mecha­
nisms controlling heat transfer differ from those 
controlling mass transfer. 

The me�sured h�at-transfer coefficients are 
large enough so that direct-contact heat exchangers 
should be nuch more cost-effective than conven­
tional finned-tube heat exchangers. At low to mid­

°t emperatures (360 -S60°C), the levelized annual 
cost (capital and operating )  ratio should be about 

0one-half; at high temperatures (>6oo c), where 
high-alloy steels will be required in the finned­
tube heat exchanger, the cost ratio is about one­
fifth. The cost advantage is due to high rates of 
heat transfer and the ability to use materials 
other than high alloys to contain the salt. 

l'uture Research 

Future research should be directed toward 
experimentally determining the effects of packing 
size and type since, in lieu of such data, one must 
project these effects based on mass transfer data. 
Since the heat and mass transfer mechanisms are 
different, that approach is not satisfactory. At 

high temperatures, radiation heat transfer will 
become importa.nt. Thus, testing at high tempera­
tures, perhaps with internally insulated columns, 
will be important. 

To ultimately produce heat-transfer correla­
tions that are valid over a wide range of operating 
conditions and useful for design purposes, it is 
necessary to understand the mechanisms of heat 
transfer. This is best carried out by fundamental 
studies aimed at separating the effects of radia­
tion, fin- effect, packing wetting, etc. Any exper­
iment of heat transfer research at high tempera­

°tures ()600 C)  nust be delayed until materials 
research has identified compatible heat transfer 
salts and containment materials. 
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