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EXECUTIVE SUMMARY

This report presents the results of a computer simulation study
aimed at comparing the potential performance of lithium bromide (LiBr)
and ternary nitrate aqueous mixtures in a temperature amplifier heat
pump .

In this study, the falling film heat transfer coefficient Ffor the
ternary mnitrate mixture is estimated to be lower than that for LiBr by
about one-third. Due to a lack of measured thermophysical properties,
the estimates relied on extrapolations.

The results show that the ternary nitrate mixture may be operated
up to 260°C (500°F) boost temperature, which is approximately 80°C
(176°F) higher than what has been demonstrated with LiBr. In  higher
temperature regimes, the nitrates show the potential for 10% higher COPs
and a marginally greater .absorber capacity than LiBr.

Experimental measurements of the falling film heat transfer coeffi-
cient, -subcooling, and thermophysical properties are required to make a
more definitive investigation,
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ABSTRACT

A new aqueous ternary mixture consisting of 53 wt % LiNO,, 28 wt %
KNO;, and 19 wt & NaNO; is available for high-temperature heat pump
applications. The pressure-composition-temperature and the specific
enthalpy-concentration-temperature -data in the form of correlated
polynomial expressions are used in a. computer program to simulate
results of a temperature amplifier heat pump with LiBr/H,0 and ternary
nitrate/H,0 mixtures as working fluids. Although the limits of applica-
bility of the two fluids are different, there is a region of commonality
where the comparison can be made. The difficulty is a lack of adequate
thermophysical data on both mixtures in the temperature ranges of
interest. In the absence of adequate  thermophysical data for the
fluids, the study serves as a best guess first approximation. The
results show that the ternary nitrate mixture potentially has approxi-
mately - a  10% advantage in COP and 'a 15% advantage in temperature lifts
over aqueous LiBr at high temperatures. Ternary nitrates are ‘Thampered
by crystallization at low waste heat temperatures and cannot operate
competitively in the low lift and waste heat temperature regions. The
potential performance advantage at high temperatures for the ternary
nitrate mixture is sufficiently attractive to justify additional work to
obtain adequate thermodynamic transport and corrosion data.
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1. INTRODUCTION

Ternary mixtures, serving_as‘working fluids, are reportedl’2 to
help improve the coefficient of performance (COP) or temperature-lift

capabilities of heat—actuated\heat pumps. Some well—knowﬁ‘ternary mix-

tures are NH,/H,0/LiBr, CH4NH, /H,0/LiBr, and CHSOH/LiBr/ZnBrz‘ A recent
development™ in ternary mixtures is an aqueous mixture of 53wt % LiNO,,
28 wt & KNO;, and 19 wt % NaNO;, henceforth referred to as ternary
nitrate mixture (TNM). This new fluid is potentially a competitor to
existing chemical heat pump fluids and operates up to 260°C (500°F).

 This report compares the potential performance of the ternary
nitrate and lithium bromide (LiBr) aqueous mixtures in a computer simu-
lation of a temperature amplifiér heat pump.
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2. WORKING MEDIA PROPERTIES

The pressure-composition-temperature (P-X-T) and the specific
enthalpy-composition-temperature (H-X-T) data for the working fluids are
critical pieces of information for heat pump cycle calculations. In the
case of LiBr aqueous mixtures, Zhese thermodynamic properties are well
documented between 50 and 350°F. The specific enthalpies of pure
refrigerant (water) and steam are avai%able in steam tables. 1In the
case of the ternary nitrate mixtures, Ally~ has represented the exper-
imental P-X-T and H-X-T data by polynomial equations similar in form to
the ones published for LiBr in the ASHRAE Handbook of Fundamentals.
These equations for LiBr and TNMs will be shown later with their atten-
dant Duhring and specific enthalpy plots. The main facility provided by
these equations 1is that they can easily be incorporated in a computer
program.

2.1 EQUATIONS DESCRIBING P-X-T AND H-X-T DATA

The P-X-T data for TNMs and LiBr mixtures are superimposed on one
another in Fig. 1. The relationship between the saturation temperature
of the pure refrigerant (pure water in each case) and the temperature of
the mixture of known concentration, X (wt %), can be represented for
either working fluid by an equation of the form,

t = AX)t' + B(X) , @D

where t and t’ are the mixture and pure refrigerant saturation tempera-
tures expressed in degrees Fahrenheit, respectively, and A and B are
polynomial functions of the concentration, X. Of course, the functional
dependence of A and B on X will be different for the two mixtures as is
seen by their respective expressions in Fig. 1. The equilibrium wvapor
pressure of water above the mixture is given by a van’'t Hoff type of
equation, '

Log P = C + D + E (2)

2 ’
(' + 459.67) (t' + 459.67)

where C, D, and E are constants that must be the same for both mixtures
because they share a common refrigerant between them. The reasons why
Eq. (2) is_ used for both LiBr and TNMs are explained 1in detail
elsewhere.



EQUILIBRIUM CHART FOR AQUEOQUS LITHIUM BROMIDE

AND TERNARY MIXTURES
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Fig. 1.
aqueous LiBr

Pressure-composition-temperature data (Duhring chart) for
and ternary nitrate mixtures,
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2.2 EQUATIONS DESCRIBING SPECIFIC ENTHALPY-CONCENTRATION DATA

The specific H-X-T data and correlations  for aqueous LiBr are
reproduced from the ASHRAE Fundamentals Handbook in Fig. 2a. Figure 2b
showg the H-X-T data for the ternary nitrate mixture. The experimental
data” are correlated with an equation of the form,

H = a(X) + B(X)t , (3

where a and B are polynomials in the solute (ternary salt) concentra-
tion, X (wt %), and t is the solution temperature. Details regarding
this correlation are reported in ref. 5.

2.3 VISCOSITY, SPECIFIC GRAVITY, AND THERMAL CONDUCTIVITY DATA

The narrow scope of thermophysical and transport data available in
the 1literature and the sparse amounts of data available for the ternary
nitrate mixture were a serious handicap during the preparation of this
report. Viscosity, specific gravity, thermal conductivity, etc., data
for aqueous LiBr mixtures are available up to 100°C (212°F), but proper-
ties at temperatures up to 180°C (356°F) were needed for this study. In
the absence of experimental data, estimated values were obtained by
extrapolation (Figs. 2c,d,e). Perhaps the only source of data for the
aqueous ternary nitrate fluid is ref. 3, which contains adequate data on
viscosity, lacks considerable data on specific gravity, and is severely
deficient on thermal conductivity, for which only two values of 0.31 and
0.33 W/m?-K are quoted at salt concentrations of 86.7 wt % and
83.7 wt %, respectively. These values are themselves obtained through a
recommended power law equation.” The lack of specific gravity data is
not very severe because thermal expansion,

_1fav
VIaT)P ’

is small over the temperature range of interest. But the error on ther-
mal conductivity could deviate substantially from the estimated value of
0.31 to 0.33 W/m? K.
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3. COMPUTER SIMULATION

Operation of a single-stage temperature amplifier heat _pump was
simulated using a program developed by Grossman and Michelson.

The criteria for evaluating absorption fluids from a practical
standpoint are (a) the coefficient of performance, (b) the temperature
1ift and boost temperatures, (c) the flow rates of refrigerant,
(d) potential corrosion problems, (e) crystallization limits, (f) film
heat transfer coefficients, (g) mass transfer rate of sorbate into sor-
bent, and (h) HX area per unit capacity. The coefficient of perfor-
mance, refrigerant flow rates, and film heat transfer coefficient are
directly related to the size of a particular heat pump unit and are
therefore reflected in capital costs. High COP, heat, and refrigerant
transfer rates reduce heat pump size. Corrosion by working fluids is a
strong determinant of hardware useful life expectancy, and its reduction
or elimination 1is obviously preferred. Crystallization 1is another
important operating parameter because it determines the acceptable range
of concentration and temperature of the circulating fluid before onset
of crystallization. Once crystallization occurs, the system may have to
be shut down. Mixtures in which crystallization occurs at low tempera-
tures are generally preferred over those in which cryétallization occurs
at higher temperatures.

First, consider the heat transfer coefficient. The absorber is the
focus of attention because it is here that the sorbate (refrigerant) is
absorbed into the sorbent, thereby releasing heat. At least three
resistances to heat transfer are involved between the refrigerant vapor
and the process stream being produced, the largest of which 1is resis-
tance due to the film resistance between the sorbent and the tube wall.
The other two resistances are the resistance to heat transfer offered by
the metal tube wall and that between the wall and the utility stream.
These three resistances in series are combined to yield a single overall
heat transfer coefficient, Uo as shown below,

where Do and Di are the outside and inside diameters of the tube, x is
the tube wall thickness, k 1is the metal thermal conductivity, BL is the
logarithm mean diameter of the tube, and ho is the film heat transfer

coefficient. The term, . represents the resistance to heat transfer
o
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offered by the sorbent film around the absorber tubes, and its magnitude
is pgreater than the magnitude of the first two terms in the denominator
in the above equation. For this reason, the film heat transfer coeffi-
cient is called "limiting" because it has a dominant influence on U and
limits its value close to the value of h0

A large value of hO is desirable because it implies a low film heat
transfer resistance. Typically, film heat transfer coefficients have a
value of 2000 W/m?:K and a value greater than this number would be
advantageous because the absorber would require less surface area for a
given capacity. Conversely, a value lower than 2000 W/m?‘K would be
disadvantageous because of higher heat exchanger surface area
requirements. ,

The determination of heat transfer coefficients is beyond the scope
of this simulation study because they must be determined experimentally
to be of value to the designer. Therefore, for the simulation study,
the same value of film heat transfer coefficient was used for the LiBr
and ternary nitrate fluids for a first-cut approximation. Then, on the
basis of established theory’ where mass and heat transfer are decoupled,
the film heat transfer coefficient is estimated using experimental and
extrapolated data. The details of this procedure are given in the
Appendix. Due to the viscosity, density, and thermal conductivity
effects, the film heat transfer coefficient for the ternary nitrates is
estimated to be about half that for LiBr solutions. The simulation is
repeated using the overall heat transfer coefficient for the ternary
nitrate taken as one-half that for LiBr, and a third set of simulation
considers the scenario where the overall heat transfer coefficient is
equal to one-third.

The mass transfer coefficient is a measure of the rate at which the
refrigerant 1is absorbed by the absorbent. If this rate is low, then
during the time the refrigerant is in contact with the absorbent, the
amount  absorbed will be lower than the equilibrium wvalue. As an
example, suppose that the solution entering the absorber has 65 wt %
salt and pure refrigerant from the evaporator is brought into contact
with it. 1If the rate of mass transfer is rapid, then equilibrium can be
reached quickly during the time that the absorbent and refrigerant spend
in the absorber. Suppose this equilibrium concentration is 60 wt % salt.
If the rate of mass transfer is slow, then equilibrium will not be
attained and the quantity of refrigerant absorbed will be less than the
equilibrium amount, resulting in a solution with 63 wt % salt. At the
same absorber pressure, each of the two solution (equilibrium and
actual) concentrations correspond to different temperatures on the
Duhring chart, and their difference is known as subcooling. Subcooling
is a convenient way to express the departure from equilibrium condi-
tions. From the Appendix, LiBr solutions have viscosities typically of
the magnitude of 1.5 mPa-s, while for ternary nitrates, the value is
2.5 wPa-s. In LiBr solutions, experiments show that subcooling is about
2°C when wusing an effective heat transfer additive for low-pressure
absorbers as used in type I absorption chillers. Without an effective
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additive, LiBr mixtures typically have 10°C or greater subcooling for
low-pressure absorbers. Due to lack of experimental data, the extent of
subcooling cannot be quantified; but as explained above, sorbates of
higher viscosities will absorb sorbents slower than those having lower
viscosities.

Based on the potential COP and temperature lifts shown in Fig. 3,
10°C of subcooling for the ternary nitrate is approximately equal to the
advantage that this fluid has over lithium bromide in terms of tempera-
ture lift capability.

Since actual heat, mass transfer, and subcooling data are mnot yet
available for the ternary nitrates and since the computer model used in
this study does not account for any subcooling, the simplifying assump-
tion of no subcooling for the ternary nitrate and LiBr mixtures is used.



13

ORNL-DWG 86-—-17688

0.8 I 7 I T 1 1 B

& TERNARY NITRATES/H,0

8 0.7 |- +=m-m= LITHIUM BROMIDE -
W == == == = EXTRAPOLATION FROM KNOWN

g 661 BEHAVIOR OF ABSORPTION SYSTEMS -
S | DATA AT CONCENTRATION

E 05 <40 wt % UNAVAILABLE ]
o

&

W L. * — DATA AT CONCENTRATIONS

= "~ LOWER THAN 70 wt%

g o3 N UNAVAILABLE _
i WASTE HEAT, T,, WASTE HEAT, T,

S os L 105°C 221°F) 140°C (284°F)  _

; COOLING WATER, T, \| COOLING WATER,T_

lad
$ ot s5°CHB) 3 ﬂ\r\\& 70°C (158 °F) _
< R TERNARY NITRATES/
< 5o l ! | 0 R W W L |

0 10 20 30 40 50 60 7O 80 90 100 110

Tyv—Tw» TEMPERATURE LIFT (°C)

Fig. 3. COP-lift comparison between LiBr and ternary nitrate
mixtures.
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4. RESULTS

A schematic of the single-stage temperature amplifier heat pump
considered for the simulation study is shown in Fig. 4. The waste heat
source input to the desorber and evaporator at positions 10 and 1,
respectively, 1is steam at a prescribed (input) temperature. This waste
heat source temperature is an input parameter in the program which can
arbitrarily be changed. The waste heat streams leaving the desorber and
evaporator at positions 11 and 2, respectively, is saturated water at
the same pressure as their respective inlet streams. Therefore, no
pressure gradient is assumed between state points 10 and 11 and 1 and 2,
respectively, and all the latent heat of vaporization from the waste
stream is supplied to the desorber and evaporator. In the condenser,
cooling water at a prescribed temperature is introduced at 13 and exits
at 14. The temperature at 13 and the cooling water mass flow rate are
fixed. In the absorber section, the process stream enters at state
point 3 at a prescribed temperature at its saturated condition
(condensed water). As it goes through the absorber, it picks up suffi-
cient heat to leave the absorber at 9 as saturated steam. The purpose
of the recuperator is to make the absorption cycle more efficient, and
the effectivengss of the recuperator plays a major role in determining
the cycle COP.

The overall heat transfer coefficients times area (UA) in each of
the five primary equipments used in the simulation appear in Table 1.
These were obtained from a prototype test unit at ORNL used to monitor
the performance of LiBr aqueous mixtures.

Table 1. Overall heat transfer coefficlent times area (UA)
for each equipment used in simulation

Equipment UA
Btu/m°F W/K x 1073
Desorber 166.7 5.27
Recuperator 83.3 2.634
Condenser 500 15.81
Evaporator 833 26.34
Absorber 216.7 -» 108.3 - 72.2 6.852 + 3.43 » 2.28

A cursory inspection of Fig. 1 shows that there is a small region
of overlap between LiBr and ternary mixture solutions. At temperatures
below 65°C (=150°F), the TNMs will certainly present crystallization
problems, but LiBr is still suitable for heat pump applications without
imminent threat of crystallization. It is believed that LiBr/H,0 may be
used at higher temperatures and concentrations than have been reported.
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4.1 COMPARISON BETWEEN LiBr AND TNM WITH EQUAL ABSORBER UA

The computer simulated performances of LiBr and TNMs for two sets
of waste heat and cooling water temperatures are shown in Fig. 3. Con-
sider the case where the waste heat and cooling water temperatures are
105°C (221°F) and 55°C (131°F), respectively, and the absorber UA is
6852 W/K. With LiBr, one can go from 10 to 42°C lifts because the con-
centrations and crystallization curves on the Duhring chart (Fig. 1)
allow it. With TNMs, the lower lifts of less than 34°C are not possible
because the smallest concentration in the Duhring plot is 70 wt %, and
the crystallization curve is very near. Hence, with TNMs the range of
temperature 1lifts wvaries from 34 to 52°C. Similar arguments apply to
the case of the waste heat and cooling water temperatures being 140 and
70°C, respectively.

Considering the coefficient of performance, a comparison of the
curves 1in Fig. 3 shows that the COP values are higher for TNM than they
are for LiBr. However, the question of how much of an advantage in COP
is afforded by the TNM over LiBr becomes quite ambiguous as the tempera-
ture lift is varied. At low lifts (37 to 40°C), the predicted COP of
the TNM is about 10% higher than that for LiBr, assuming no subcooling.
As the lift is increased from 42 to 52°C, the COP for the LiBr mixture
drops off to zero; whereas that for TNM keeps decreasing but is,
nevertheless, a finite value until a lift of 52°C, when it too becomes
Zexo. Therefore, between 42 and 52°C temperature lift, the COPs of the
TNM are infinitely greater than that of LiBr. The culprit is the pre-
cipitous fall 1in COP with temperature lift because AC approaches zero.
Therefore, a valid region of temperature lifts for comparison of COPs
for the two fluids is one ranging from low lifts up to the point where
the precipitous fall in COP begins to occur. Based on the simulation
study and in light of the above discussion, it may be appropriate to say
that the predicted COP of the TNM is approximately 10% higher than that
for LiBr mixtures.

Two further queries arise from the results shown in Fig. 3. They
are (i) why are the temperature lifts higher for TNMs? and (ii) why are
the COPs higher than they are for LiBr?

The answer to the first query is fairly straightforward. In
Fig. 1, the slope of the equilibrium vapor pressure versus solution tem-
perature plot is flatter for the TNMs than those for LiBr, and this
flatness helps to reach out further in the solution temperature field.
From the Duhring chart, it is an easy matter to determine the maximum
boost temperature possible (AC = 0) for a given waste heat and cooling
water temperature. This information is shown in Fig. 5. It can be seen
from Fig. 5 that in the common operating temperature regimes, the tem-
perature boost and, consequently, the temperature lift of the TNMs are
potentially greater than they are for LiBr mixtures.

The second question, relating to higher COPs for the TNMs, does not
seem to have an overtly obvious answer. Since the definition of COP is
QA/QD + QE’ higher COP values clearly indicate higher mnumerator values
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with respect to the denominator, Q. + QE' If the values of QD + Qj
could be held constant, then the higher COP values are associated wit
higher QA values. Then one could investigate the factors affecting QA
and from there be able to draw definite conclusions regarding the two
working fluids. However, the computer program used in the simulation
study did not permit the desired level of freedom in fixing QD and QE’
and they could only approximately be held constant for the two working
fluids. The results are shown in Fig. 6. For waste heat at 140°C
(284°F) and a condensing temperature of 70°C (158°F), the dilute solu-
tion flow rate (curve 2) for the two fluids is almost identical in the
region of overlap. The refrigerant flow rate (curve 1) is slightly
higher for the TNMs than it is for ©LiBr, and this explains why the
absorber capacity, Q, (curve 3), is also higher. The same behavior is
obtained for a different set of waste heat 105°C (221°F) and condensing
water 55°C (131°F) conditions as shown in Fig. 7.

As mentioned earlier, the primary purpose of focusing attention on
the ternary nitrate mixtures is because they have the potential to
operate at up to 260°C (500°F) with minimal corrosion of mild steel.

4.2 EFFECT OF SOLUTION HEAT EXCHANGER UA ON COP OF TNM

It is well-known that the coefficient of performance of a heat pump
is sensitive to the effectiveness of the solution heat exchanger, other
things being equal. The effectiveness increases with the heat exchange
surface area. Figure 8 shows the improvement in COP by increasing the
surface area in the solution heat exchanger from 7.74 m? to 17.0 m?.
The waste heat source and cooling water temperature are 140°C (284°F)
and 70°C (158°F), respectively. The COP increases by approximately 32%
from its wvalue of 0.31 corresponding to a solution heat exchanger area
of 7.74 m?, Figure 9 shows what effect the change in solution heat
exchanger has on the refrigerant and dilute solution flow rates and the
absorber heat release.

The most dramatic change is observed in the dilute solution flow
rate as the solution heat exchanger area is increased from 7.74 m? to
17.0 m?2. The pure refrigerant too decreases, but the decrease 1is less
than 10%. The significance of this is that the concentration difference
between the concentrated and dilute solutions is greater  when
A = 7.74 m? than it is when A = 17.0 m?.

The change in solution heat exchanger area also influences the
total quantities of heat delivered to the evaporator and desorber and
that rejected in the absorber. Since there is only a 10% change in the
pure refrigerant flow rate, the heat input to the evaporator also
changes in the same proportion. The desorber and absorber heat
increases with increasing solution heat exchanger area. The net result
is higher COP as shown in Fig. 8.
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The computer simulation did not yield satisfactory results in the
region of maximum attainable 1lift. This region is synonymous with the
condition that the difference in concentration between the dilute and
concentrated stream approach  zero. Convergence in this particular
region was not possible even when several different data sets were used.
However, this limitation was not very discouraging because the behavior
of absorption systems as the 1ift approaches its maximum value is well
characterized. Improvement in existing software in this regard would be
welcome.

4.3 INFLUENCE OF ABSORBER UA ON PERFORMANCE

In the case of the TNM, it has been discussed in Sect. 3 that the
film heat transfer coefficient is expected to be about one-half that for
LiBr. Taking this matter into consideration, the absorber UA is varied
from its wvalue in the prototype wunit (114.21 W/K) to one-half
(57.10 W/K) and down to one-third (38.07 W/K) for the TNM. Note that a
50% decrease in the film heat transfer coefficient, h , does not mean
that the overall heat transfer coefficient, U, will also decrease by
50%. The actual decrease in U depends upon the magnitudes of the other
heat transfer resistances in relation to each other, but since ho is
limiting, its influence on U is dominant. For the simulation, it is
easier to deal with U directly than it is to deal with ho and, hence, UA
is wvaried.

The effect on performance of the anticipated decrease in h for the
ternary mnitrate is shown in Fig. 10, along with the curves for equal
UAs. At lifts below 40°C (boost temperature <180°C), the ternary
nitrate concentration falls lower than 70 wt %, for which data are una-
vailable. Lithium bromide at these 1lifts shows adequate performance
with a CGOP of 0.4, although at 180°C boost temperature, the fluid is
pushed to the limit (in the published literature) of upper-temperature
applicability. At lifts greater than 40°C (boost temperature > 180°C),
the COPs and the absorber heat release of the TNM are significantly
higher than those of LiBr, even though the absorber UA for the TNM is
half the value than for LiBr. The gap between the two fluids widens
even further in favor of TNM as the lift is increased. The higher con-
centration of TNM has prompted researchers” to believe that the film
heat transfer coefficient could be even lower. To incorporate their
view, the absorber UA was decreased to one-third that for LiBr; the
simulated results for the two competitor fluids are shown in Fig. 11.
Once :again, for lifts =<40°C,; LiBr has a higher COP than TNM, but in the
region of higher 1lifts (>40°C), TNM still has a higher COP and mar-
ginally higher absorber capacity than LiBr.

The conclusions to be drawn from Figs. 10 and 11 are that (i) LiBr
has a higher COP than TNM for lifts below 40°C provided .that :the boost
temperature is sufficiently low (<177°C) to avoid corrosion problems,
(ii) TNM is potentially capable of better COPs and higher quantities of
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heat release through the absorber at 1ifts greater than 40°C and high
boost temperature using waste heat at 140°C (284°F) even when the absor-
ber UA is assumed as low as one-third its value for LiBr, and (iii) the
film heat transfer coefficient is a strong determinant of the perfor-
mance and needs to be known accurately.
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5. CONCLUSIONS

The aqueous ternary nitrate mixture containing a solute composition
of 53 wt % LiNOg, 28 wt % KNO,, and 19 wt % NaNO; is investigated for
high-temperature (200-260°C) heat pump application. The nitrate mixture
appears to have better COP, temperature lift, and absorber capacity
capabilities than LiBr in the high-temperature range, even when the
absorber overall heat transfer coefficient is reduced to one-third the
value for LiBr. In lower-temperature lift regimes, the ternary nitrates
are not competitive with LiBr. The strong point in favor of the nitrate
mixtures is that they show the capability of operating about 80°C higher
in temperature than has been published for LiBr.

Lack of thermophysical data for both fluids in the higher-
temperature (>100°C) range proved a handicap overcome by extrapolation.
A need for measuring thermophysical and corrosion properties is defi-
nitely required in future investigations for both fluids.

The absorber film heat transfer coefficient and the extent of sub-
cooling are critical pieces of information which must be measured
experimentally to quantify accurately the advantage that one fluid has
with respect to the other in the temperature regimes of interest.
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APPENDIX

Estimation of film heat transfer coefficilents

a) Aqueous Lithium Bromide Mixtures

Waste heat = 140°C (284°F)
Absorber solution tempeérature =~ 180°C (356°F)
Average solution concentration = 60% by weight

Viscosity (Fig. 2¢), p = 1.5 mPa-s
Specific gravity (Fig. 2d4), = 1.63
Density, ¢ = 1.63 x 55.37 x 16.018 = 1446 kg/m3

Kinematic viscosity, v = £ = 1,038 x 10-® n?/s
¢
i i 3v2) 48 1/3
Film thickness, § = ~g~ /3 (Re)

Typical Reynolds Number, Re = 100
Therefore, § = 3.206 x 10™* n
Thermal conductivity of stated solution (Fig: 2e) = 0.51 W/m-K
Film heat transfer coefficient, h = L 1591 W/m?. K
h = 1591 W/m?2.K at = 180°C, 60 wt %

b) Aqueous Ternary Nitrate Mixtures

Waste Heat = 140°C (284°F)
Absorber solution temperature = 180°C (356°F)
Average solution concentration =~ 78% by weight

Viscosity (Fig. 2c¢), p = 2.5 mPa-s
Density (ref. 3, p. 23), ¢ = 1.63 g/em® = 1.63 x 103 kg/m3

Kinematic viscosity, v = ? =1.534 x 10™% m2/s

2
Film thickness, § = [§Z~] 1/3 (Re) 13

g
Typical Reynolds Number, Re = 100
Therefore, § = 4.159 x 10~* m
Thermal conductivity of stated solution = 0.33 W/m-K

Film heat transfer coefficient, h = = 793.4 W/m?-K
h = 793.4 W/m?-K at ~ 180°C, 78 wt %
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