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ABSTRACT

The effectiveness and stability of potential heat-and-mass transfer (performance)
additives for an advanced lithium bromide (LiBr) chiller were evaluated in a series of
experimental studies. These studies of additive effectiveness and stability were necessary
because many currently used performance additives decompose at the high generator
temperatures (220°C to 260°C) desired for this particular advanced LiBr chiller. For
example, one common performance additive, 2-ethyl-1-hexanol (2EH), reacts with the
corrosion inhibitor, lithium chromate (Li,CrO,), even at moderate generator temperatures
(2180°C).

These stability problems can be mitigated by using less reactive corrosion inhibitors such
as lithium molybdate (Li,M0Q,) and by using more stable performance additives such as 1-
heptanol (HEP) or 1H,1H,7H-dodecafluoro-1-heptanol (DFH). There seems to be a trade-off
between additive stability and effectiveness: the most effective performance additives are not
the most stable additives. These studies indicate that HEP or DFH may be effective
additives in the advanced LiBr chiller if Li,MoO, is used as a corrosion inhibitor.
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NOMENCLATURE

This section includes a summary and brief description of the symbols used in this report.
More detailed descriptions are provided at the appropriate locations in the text.

Symbol
E

[X]

Definition/Description

Mass Transfer Enhancement. Mass ratio of water vapor absorbed with

additive to water vapor absorbed without additive in static pool
experiments.

Maximum Mass Transfer Enhancement. Maximum value of E for a

particular performance additive in static pool experiments.

Heat Transfer Enhancement. Ratio of absorber heat transfer coefficient

with additive to heat transfer coefficient without additive in minisorber
experiments.

Average Heat Transfer Enhancement. Average value of E,; at additive

concentrations above the threshold necessary for maximum enhancement in
the minisorber experiments.

Lithium Bromide (LiBr) Concentration. Concentration of LiBr in absorber
solution in either static pool or minisorber experiments (wt %).

Solution Mass Flow Rate. Mass flow rate of the LiBr solution entering
absorber in minisorber experiments (g/min).

LiBr Solution Temperature. LiBr solution temperature in static pool

experiments (°C).

Average Solution Film Temperature. Average film temperature of the LiBr

film on absorber tube in minisorber experiments (°C).

Additive Reaction Onset Temperature. Temperature at which additive

begins to react or decompose in the differential scanning calorimeter (°C).

Performance Additive, X. Identity of the performance additive, X, in the

LiBr solutions in the static pool or minisorber experiments.

Additive Concentration. Concentration of additive, X, in the LiBr solution

in either static pool or minisorber experiments (weight parts per million,
wppm).

Xiii



[XIy Optimum Additive Concentration for Maximum Enhancement. Additive
concentration in LiBr solution at which performance enhancement, E, is a
maximum in static pool experiments (wppm).

xiv



1. INTRODUCTION

Conventional single- and double-effect absorption chillers operate at generator
temperatures below 170°C with lithium bromide (LiBr) and water as the absorbent solution.'
They employ a performance additive such as 2-ethyl-1-hexanol (2EH) to enhance heat and
mass transfer and a corrosion inhibitor such as lithium chromate (Li,CrO,) to protect the
chiller components. The aqueous LiBr solution may also be buffered with a small amount
of lithium hydroxide (LiOH) to optimize corrosion inhibition.?

Several advanced chiller cycles have been identified that show technical and economic
potential. The advanced cycles under consideration are for triple-effect class chillers that can
potentially operate at 50% higher efficiency than the best currently used double-effect
equipment.’ Most of the advanced cycles require component operation at temperatures
significantly higher than those of present equipment.

The advanced LiBr chiller cycle of immediate interest requires generator temperatures
between 220° and 260°C.* Several issues arise because of the higher generator temperature.
These technical issues were discussed in detail in a previous document.® Briefly, these issues
include (1) additive effectiveness, (2) additive thermal stability, (3) additive reactivity with
corrosion inhibitors (chemical stability), and (4) corrosion resistance of generator materials.
The additive effectiveness and stability issues may present major technical problems to LiBr
chiller development because there is insufficient understanding of (1) how performance
additives work, (2) the thermal stability of current additives, and (3) interactions between
additives and corrosion inhibitors.

This report describes experimental studies of performance additive effectiveness and
stability. Three experimental activities were undertaken to evaluate potential additives: (1)
static performance screening of a large selection of candidates, (2) subsequent dynamic
performance testing of a few of the best candidates, and (3) subsequent stability testing of
these performance additives at conditions relevant to advanced LiBr chiller operation. The
experimental procedures and equipment used in these studies are described in Section 2 of
this report. In Section 3, results of these experimental studies are presented. The
implications of these results are then discussed in Section 4 and summarized in Section 5 of
this report.
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2. EXPERIMENTAL PROCEDURE AND DESCRIPTION

2.1 Static Performance Screening

A large number of performance additive candidates were screened by measuring their
effects on the rate of water vapor absorption in a static pool of aqueous LiBr. Such static pool
absorption tests have previously been used by several researchers to estimate the
effectiveness of performance additives.®’ Static pool tests are cheaper and faster than
dynamic tests and provide an easy method of screening performance additives. However,
because static pool conditions are different than those encountered in a falling film absorber,
static pool tests cannot quantitatively predict additive performance in an operating chiller.

The experimental equipment used in these studies is similar to that described by other
researchers.”® A typical static pool measurement consisted of exposing a 50-ml sample of
60 wt % aqueous LiBr at 20°C to a constant pressure of water vapor (=17.5 torr). The LiBr
solution and water vapor reservoir were contained in a vacuum system to facilitate water
vapor absorption at subatmospheric pressures. The surface area of LiBr solution exposed to
water vapor was ~63 cm?.

Static screening exposures were conducted in the following manner. Prior to each
exposure, the water vapor reservoir and LiBr solution were degassed at low pressure to
remove noncondensible gases such as nitrogen or oxygen. During each exposure, the LiBr
solution temperature slowly increased as water vapor was adiabatically absorbed for 15
minutes. After each exposure, the quantity of absorbed water vapor was determined from
the change in LiBr concentration by measuring the refractive index of the LiBr solution. In
a typical experiment, between 2 and 7 g of water vapor was absorbed by the LiBr solution
during a 15-minute exposure. The relative enhancement of a specific performance additive
was determined by comparing the quantity of absorbed water vapor in experiments with and
without the additive. The relative enhancement was then determined as a function of
additive concentration for each additive evaluated.

2.2 Dynamic Performance Testing

Although static pool tests are cheaper and faster than dynamic falling-film absorber tests,
static pool tests cannot predict machine performance because test conditions are different.
For example, brine exposure time, film thickness, film hydrodynamics, and temperature
gradients are significantly different in a static pool than in a falling film absorber.’ Dynamic
minisorber (or single-tube absorber) tests are necessary to quantitatively measure heat-and-
mass transfer enhancement because the static pool conditions are not comparable to machine
absorber operation.

Several of the most promising additives evaluated in the static pool were subsequently
tested in a falling film minisorber. The experimental design of this minisorber has previously
been described in some detail.’® A schematic of the minisorber is shown in Figure 1. Briefly,
the falling film absorber consists of a single vertical tube, 19 mm in diameter and
approximately 1 m in length. Instrumentation on the minisorber was automated to
continuously measure LiBr solution flow rates and temperatures. These temperatures and
flow measurements were used to calculate absorber heat transfer coefficients. Mass transfer
coefficients could not be accurately determined because of instrument limitations.
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Fig. 1. Schematic of minisorber apparatus used to evaluate performance additive effectiveness.




During a typical minisorber experiment, the solution concentration entering the absorber
was 61 wt % LiBr, while the solution concentration leaving the absorber was ~57 wt % LiBr.
The average solution film temperature in the absorber was maintained between 92°C and
96°C. (Lower film temperatures could not be attained due to previous minisorber design
constraints.!®) Performance additive effectiveness was determined by comparing steady-state
absorber heat transfer with and without an additive present. For each additive evaluated
in the minisorber, effectiveness was determined at several different additive concentrations.

2.3 Stability Measurements

Stability testing is necessary to determine the extent of additive decomposition at high
generator temperatures (220°C to 260°C). Previous results indicated that at high
temperatures additives can either thermally decompose'' or can react with corrosion
inhibitors.? Initially, we planned to evaluate additive stability at conditions (temperatures,
concentrations, and pressures) anticipated in the high-temperature generator. However,
because performance additives and corrosion inhibitors are typically present in very dilute
concentration (~100 wppm to 2000 wppm), it was not possible to accurately measure additive
stability at these conditions. (Accurate measurements required quantitative extraction of
trace amounts of additive from the LiBr solution. Attempts to perform this extraction were
not quantitative and not reproducible.'?) Instead, relative rates of additive decomposition and
additive reaction with corrosion inhibitors were determined as functions of temperature using
a differential scanning calorimeter (DSC).

The DSC measures the enthalpy changes produced by thermal decomposition or chemical
reaction. When a sample in the DSC is heated at a constant rate, its temperature increases
linearly with time. The DSC is purged and backfilled with argon to prevent sample reaction
with ambient oxygen during heating. Sample decomposition or reaction is indicated by a
change in the quantity of heat flowing into the sealed sample capsules. The temperature at
which the change in heat flow occurs (onset temperature) is an indicator of relative sample
stability. The higher the onset temperature, the more stable the sample.

The relative thermal and chemical stabilities of several additives were compared using
the DSC. Thermal stability was evaluated by measuring the onset temperature for each
additive. Relative thermal stability of the additives was determined by comparing onset
temperatures. Chemical stability of various additives was evaluated in a similar manner.
The onset temperatures of specific additive-inhibitor mixtures were measured in the DSC to
determine the chemical stability of each mixture. Two corrosion inhibitors commonly used
in LiBr chillers are Li,CrO, and lithium molybdate (Li,M0Q,). In these studies, potassium
chromate (K,CrO,) was substituted for Li,CrO,, and sodium molybdate (Na,MoO,) was
substituted for Li,MoO, as an experiment convenience. (The substituted chemicals were
readily available; the lithium compounds were not. Chemical reactivity of performance
additives with the substituted inhibitors should be essentially identical to additive reactivity
with the lithium inhibitors.) Comparison of mixture onset temperatures provided a relative
measure of the chemical stability of various additive-inhibitor combinations.
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3. RESULTS

3.1 Static Performance Enhancement Results

The performance enhancement of various additives was determined by comparing the
mass of water vapor absorbed by LiBr solutions with and without additive present. To
facilitate this comparison, a mass transfer enhancement, E, was defined. Enhancement, E,
is the mass of water absorbed in an LiBr solution containing additive, divided by mass of
water absorbed in a similar LiBr solution not containing any additive. The performance
enhancement measurements, E, for various concentrations of 2EH, [2EH], are summarized
in Table 1. These results were obtained in aqueous LiBr solutions where, initially, T = 20°C
and [LiBr] = 60 wt %.

Table 1. Performance (mass transfer) enhancement, E, as a function of
2-ethyl-1-hexanol concentration, [2EH]*’

[2EH]
(wppm) E
0 1.0
210 4.9
315 5.3
415 6.4
625 8.3
680 7.5
780 7.6
990 3.5
1380 1.8

“Initial Conditions: [LiBr] = 60 wt %, T = 20°C.
*Ex = 9.0, [2EH],, = 566 wppm.

The performance enhancements in Table 1 are strongly dependent on [2EH]. As 2EH is
added to the LiBr solution, E initially increases with [2EH] until E reaches a maximum
value, E,, where [2EH] = [2EH],,. Further addition of 2EH decreases E. The variation in
enhancement with concentration is shown in Figure 2, where E is displayed as a function of
[2EH]. The open circles in this figure are the experimental results from Table 1. The
experimental results in Figure 2 were used to estimate E, and [2EH], using a
straightforward (but theoretically unjustified) empirical interpolation. For [2EH] <
416 wppm, E increased with increasing [2EH], indicating that [2EH],, > 416 wppm. This

increase in E with [2EH] was represented by the line segment in Figure 2 having the positive
slope.
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Fig. 2. Performance (mass transfer) enhancement, E, as a function of 2-ethyl-1-
hexanol concentration, [2EH], in a static pool of aqueous LiBr. The open circles are
experimental measurements of performance enhancement, while the solid lines are empirical
representations of the data. The solid circle is an estimate of the maximum performance
enhancement, E,,. The error bars indicate the uncertainties in Ey and [2EH]y,.

For [2EH] > 625 wppm, E decreased with increasing [2EH], indicating that [2EH], <
625 wppm. This decrease in E is represented by the line segment in Figure 2 having the
negative slope. The two line segments intersected at the solid circle, which is the empirical
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estimate of E, and [2EH]y. In Figure 2, Ey = 9.0 and [2EH]y = 565 wppm, within the
uncertainties indicated by the error bars.

Similar static pool enhancement measurements were conducted using 1-heptanol (HEP),
1H,1H, 7H-dodecafluoro-1-heptanol (DFH), and 1,1,1-trifluoro-2-octanol (TFO) as performance
additives. These results are summarized in Tables 2—4, respectively. The performance
enhancements obtained with HEP, DFH, and TFO also show a strong dependence on additive
concentration. As with 2EH, performance enhancement reaches a maximum value, Ey, at
some optimum additive concentration. Estimates of Ey and optimum additive concentrations
are indicated in Tables 2—4 for the respective additives. These values were obtained using
the same interpolation procedure illustrated in Figure 2.

Table 2. Static performance enhancement, E, as a function of 1-heptanol
concentration, [HEP]*®

[(HEP]

(wppm) E
0 1.0

205 4.6
410 7.5
580 6.8
680 7.9
680 7.9
680 6.5
825 4.8

°Initial Conditions: [LiBr] = 60 wt %, T = 20°C.
*Ey = 8.8, [HEP], = 600 wppm.

Table 3. Static performance enhancement, E, as a function of
1H,1H,7H-dodecafluoro-1-heptanol concentration, [DFH]**

[DFH]
(wppm) E
0 1.0
225 2.5
445 3.3
880 44
1326 2.0
1760 0.4
2640 0.5

*Initial Conditions: {LiBr] = 60 wt %, T = 20°C.
*Ey = 5.0, [DFM], = 730 wppm.



Table 4. Static performance enhancement, E, as a function
of 1,1,1-trifluoro-2-octanol concentration, [TFO]*>*

[TFO]
(wppm) E
0 1.0
260 1.8
515 2.6
645 2.8
775 2.0
1030 2.0

°Initial Conditions: [LiBr] = 60 wt %, T = 20°C.
*Ey = 2.9, [TFO]y = 590 wppm.

The enhancement dependence on additive concentration observed in Figure 2 for 2EH
and in Tables 2 through 4 for HEP, DFH, and TFO was also observed for the other additives.
For each additive tested in the static pool, E initially increased with additive concentration,
X, until a maximum enhancement, E,;, was obtained at an optimum additive concentration,
[XIy. For [X] > [X]y, E decreased with increasing [X]. Each additive, X, evaluated in the
static pool tests could be characterized by [X], and by E,. The results of all screening
studies (including those previously described in Tables 1 through 4) are summarized in Table
5. For the 12 additives, X, listed in column 1 of Table 5, the optimum additive concentration,
[Xly, is listed in column 2. The maximum performance enhancement, Ey, is listed in column
3. Most of the additives listed in this table were only slightly soluble in aqueous LiBr
(solubility ~100-800 wppm). The exceptions are noted in Table 5.

The values of E,; in Table 5 vary from 1.6 to 9.1. For the most effective additives (Ey >
6), water vapor absorption was accompanied by agitation of the LiBr solution at the
liquid/vapor interface. (Interfacial agitation was not observed in experiments with LiBr
solutions not containing additives.) This additive-induced agitation has been observed by
many other researchers.®” It has generally been attributed to Marangoni convection. (See
Section 4 for alternate explanations of the additive enhancement mechanism.) This
"Marangoni" agitation presumably increases the water absorption rate by helping mix LiBr
solution near the liquid/vapor interface with LiBr solution far from the interface.'

Several experiments were performed to compare Marangoni agitation (due to performance
additives) with mechanical agitation produced by stirring (using a magnetic "stirring bar").
The results of these experiments are summarized in Table 6. Mechanical agitation alone
produced slightly less enhancement (E,, = 8.1) than did the performance additive, 2EH (E\,
=9.0). The combination of mechanical agitation and a performance additive produced slightly
more enhancement (Ey = 9.3) than did 2EH alone (E, = 9.0).
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Table 5. Maximum static enhancement, Ey of various additives

Xu
ADDITIVE, X (wppm) Ey
2-Ethyl-1-hexanol 565 9.0
1-Heptanol 600 8.8
1H,1H,7H-Dodecafluoro-1-heptanol 730 5.0
1,1,1-Trifluoro-2-octanol 590 2.9
1-Octanol 680 8.4
2-Octanol 580 7.9
3-Octanol 600 9.1
1-Decanol 680 74
1-Octene-3-ol 520 8.1
2,6-Dimethyl-4-heptanol 610 5.0
2-Methyl-2-propanol® 3500 5.5
1,2-Hexanediol 780 2.8
1,6-Hexanediol 920 3.1
2-Heptenal 604 5.0
15-Crown-5 850 2.9
Surfactant FC450° 790 2.8
Surfactant FC135° 820 1.9
Surfactant FC99° 760 1.6

®Soluble in LiBr/H,O solution

Table 6. Comparison of performance enhancement, Ey with
mechanical stirring and performance additives.

ADDITIVE STIRRING Ey
2EH Yes 9.3
2EH No 9.0
None Yes 8.1
None No 1.0

The slight synergism between Marangoni agitation and mechanical agitation shown in
Table 6 prompted the investigation of potential synergism between additives. The observed
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changes in performance when a second additive is combined with 2EH are summarized in
Table 7. The results in this table indicate that essentially no changes in performance occur
when either HEP or DFH are combined with 2EH. However, when 2-methyl-2-propanol
(2MP) is combined with 2EH, a 10% increase in performance occurs. Although the reason
for the synergism between 2EH and 2MP is unknown, it may be that 2MP behaves differently
from most other additives. Unlike the other additives in Table 7 and most of the effective
additives evaluated in this study, 2MP is very soluble in aqueous LiBr, and 2MP does not
produce visible Marangoni convection.

Table 7. Effect of additive combination on performance enhancement

ADDITIVE 1 ADDITIVE 2 Ey
2EH None 9.0
2EH HEP 8.8
2EH DFH 9.0
2EH 2MP 9.9

3.2 Dynamic Performance Enhancement Results

The static screening results led to the selection of (1) four additives: 2EH, HEP, DFH,
and TFO and (2) a mixture of 2EH and 2MP for further testing in dynamic performance
experiments. The additives chosen for further testing embodied some of the most desirable
characteristics of all additives tested in the static pool. Two additives, 2EH and HEP, were
selected for dynamic testing because of their excellent performance enhancement. Two other
additives, DFH and TFO, were selected because of their (predicted) superior thermal and
chemical stability.* The mixture of 2EH and 2MP was evaluated because of the enhancement
synergism observed in Table 7.

Each additive and additive mixture was evaluated for a range of concentrations in the
minisorber using the experimental procedure described in the previous section. Dynamic
performance enhancement was determined by comparing absorber heat transfer with and
without additive. Results from a typical minisorber experiment are shown in Figure 3. In
this figure, the enhancement ratio, Ey (which is the ratio of the heat transfer coefficient with
additive to the heat transfer coefficient without additive), is shown as a function of [2EH].
The circles are experimental results obtained at an absorber film temperature, Ty = 92°C,
with an LiBr solution flow rate, m = 603 g/min. Initially, E4 = 1 with no additive present
(by definition), then increased to a maximum value as [2EH] increased. Unlike the static
pool measurements, further increases in [2EH] did not change E;. Within experimental

12
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Fig. 3. Performance (heat transfer) enhancement, Ey, as a function of 2-ethyl-1-
hexanol concentration, [2EH], in a falling film absorber. The circles are experimental
results obtained at Ty = 92°C and m = 603 g/min. The solid line is the average performance
enhancement, E,,.

uncertainty, E; remained constant above a threshold [2EH]. Above the threshold [2EH], the
average performance enhancement, Ey4, was Ey = 1.19 + 0.01 as indicated by the solid
horizontal line in Figure 3.
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The enhancement results in Figure 3 were typical of the behavior observed in minisorber
experiments for other effective performance additives. The average dynamic enhancement,
E,, was relatively independent of [X] for additive concentrations above a threshold value.
(This insensitivity to additive concentration is consistent with other falling film enhancement
studies.’) However, E; did vary slightly with T and significantly with t. Therefore, in order
to compare the performance enhancement of different additives, E was evaluated for similar
Ty and . The results of the dynamic performance evaluations are summarized in Table 8.
Qualitatively similar results were obtained at other mass flow rates. The results in this table
indicate that only 2EH, HEP, and DFH showed sufficient enhancement (E; > 1) to warrant
further evaluation.

Table 8. Minisorber performance enhancement of various additives®

ADDITIVE(S) —EB
2EH 1.19 £ .01
HEP 1.25 = .04
DFH 1.07 £ 01
TFO 0.95 + .03°

2EH & 2MP 0.74 = .05°

°Absorber operating conditions at T = 96°C and 1 = 605 g/min.
*Ey decreased with increasing [TFO).
“Ey; decreased with increasing [2ZMP).

3.8 Thermal and Chemical Stability Results

Only 2EH, HEP, and DFH were deemed sufficiently effective (Table 8) to justify the
evaluation of their thermal and chemical stability. The relative thermal stability of these
additives was evaluated by determining onset temperatures, Ty, using the DSC. A typical
thermal stability evaluation is shown in Figure 4. In this figure, the heat flowing into a 2EH
sample is shown as a function of the sample temperature as the DSC is slowly heated at a
constant rate (10°C/min). The peak at 224°C is due to heat generated from the thermal
decomposition of 2EH. The arrow at Ty = 207°C indicates the onset of thermal decomposition
for 2EH. The relative thermal stability of HEP and DFH were determined in a similar
manner.

The relative chemical stability of a particular additive depends on the other
chemicals—primarily the corrosion inhibitor—present in the absorber fluid.®> An initial
estimate of chemical stability was determined for specific additive/inhibitor mixtures. Each
additive was mixed with a sufficient amount of corrosion inhibitor (either chromate or
molybdate) to oxidize each additive to yield the corresponding carboxylic acid.’” (This
computation was used only to compare similar molar quantities of the various performance

14
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Fig. 4. Thermal stability of 2EH (2-ethyl-1-hexanol) obtained by DSC
(differential scanning calorimetry). The heat flow rate into a 2EH sample is shown as
a function of temperature as the DSC is slowly heated (at 10°C/min). The peak at 225°C
indicates a sample enthalpy change due to thermal decomposition. The arrow at Ty = 207°C
indicates the onset of thermal decomposition.

additives and corrosion inhibitors. No assumptions about the nature or stoichiometry of the
reactions involved were made).

A typical DSC for one specific additive/inhibitor mixture is shown in Figure 5. In this
figure, heat flowing into a mixture of HEP and K,CrQO, is shown as a function of DSC
temperature. The peak at 218°C is due to HEP’s reaction with K,CrO,. The arrow at Ty =
210°C indicates the onset of HEP’s reaction with Li,CrO,. The relative chemical stabilities
of the other additives with chromate and molybdate were determined in a similar manner.

The results of thermal and chemical stability evaluations of these three additives are
summarized in Table 9. For the test conditions indicated in column 1, Ty is listed for 2EH,
HEP, and DFH in columns 2—4, respectively. The test conditions evaluated include additive
alone (for an indication of thermal stability), additive/inhibitor mixtures (for a preliminary
indication of chemical stability), and additive/inhibitor mixtures in an aqueous LiBr solution
(to more closely simulate the actual chemical environment expected during generator
operation). Table 9 indicates that, as expected, the stability of DFH is much better than that
of either HEP or 2EH. The stability of HEP is also slightly better than that of 2EH. At the
test conditions listed in the last row of Table 9, Ty for HEP is 11°C greater than Ty for 2EH.

15



ORNL-DWG 9015050

-
H

-
N

-
o

[+

HEAT FLOW (mW)
[¢2]

»
|

! j L
o | L | |

50 100 150 200 250
SAMPLE TEMPERATURE (°C)

Fig. 5. Chemical stability of 1-heptanol(HEP)-chromate mixture obtained by
DSC (differential scanning calorimetry). The heat flow into a mixture of HEP and
K,CrOQ, is shown as a function of sample temperature as the DSC is slowly heated (at
10°C/min). The peak at 218°C indicates a mixture enthalpy change caused by reaction. The
arrow at Ty = 210°C indicates the onset of chemical reaction.

Table 9. Stability of performance additives in various environments

ADDITIVE REACTION ONSET

TEST CONDITIONS TEMPERATURE, Ty (°C)

2EH HEP DFH

Additive only 207 216 >300

Additive + K,CrO, 198 210 >300

Additive + Na,MoO, 200 203 >300
Additive + K,CrO, + (H,0 + LiBr)* 249 >245° -
Additive + Na,MoO, + (H,O + LiBr)° 230° 241 --

°60 wt % LiBr, 0.1 wt % LiOH in H,O; LiBr solution is 45% of total sample weight.
*Experiment terminated to limit H,O pressure in sample capsule.
°LiBr solution is 25% of total sample weight.
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These test conditions more closely simulate the chemical environment anticipated during
generator operation in the advanced chiller because the additive and corrosion inhibitors have
been diluted with LiBr solution. (The alkalinity was also adjusted to closely represent
alkalinity anticipated in generator operation.?) However, even at these conditions, the
corrosion inhibitor concentrations in Table 9 are 200 to 2000 times greater than anticipated
in the high temperature generator.

As indicated in rows 4 and 5 of Table 9, after aqueous LiBr solutions were added to
specific additive/inhibitor mixtures, reaction onset temperatures increased 30°C to 40°C. The
increases in Ty for a particular additive/inhibitor were approximately proportional to the
quantity of added LiBr solution, indicating that the LiBr solution was acting as an inert
diluent. As expected, the additive’s reaction with a corrosion inhibitor depends on the
concentration of corrosion inhibitor in the LiBr solution.

Unfortunately, because of experimental difficulties it was not possible to evaluate the
dependence of T; on corrosion inhibitor concentration at more realistic
conditions. When LiBr solutions were added to the DSC sample capsules, the vapor pressure
of water exceeded the capsule pressure limit at temperatures above 240°C. When this limit
was exceeded, the capsules would occasionally rupture and contaminate the DSC. Because
of this problem, the higher onset temperatures of more dilute solutions (which would be more
representative of actual generator conditions) could not be studied.
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4. DISCUSSION

4.1 Static Performance Enhancement

Determining the mechanism(s) responsible for performance enhancement is difficult
because of the apparent complexity of the interactions and the dearth of definitive
experimental results. Different mechanisms describing the role of additives in heat and mass
transfer have been proposed. Several studies attribute the performance enhancement to
agitation of the solution at the vapor interface produced by Marangoni convection.®® A
catalytic mechanism, by which the activation energy of absorption is reduced by the additive,
has also been proposed.'® Other explanations for the performance enhancement postulate that
additives may clean the heat exchanger surface or that additives may promote dropwise
condensation.?

Although several mechanisms have been proposed to explain how additives enhance heat
and mass transfer, the results in this study seem most consistent with Marangoni-induced
convection in the static pool. For almost all of the effective additives evaluated in Table 5,
performance enhancement was strongly correlated with agitation of the LiBr solution surface.
The more surface agitation, the more performance enhancement. The mechanical stirring
results in Table 6 also seem consistent with Marangoni-induced agitation. The maximum
enhancement produced by mechanical stirring is only slightly smaller than the enhancement
produced by the performance additive 2EH. The enhancement produced by a combination
of additive and mechanical stirring is also not significantly better than that produced by 2EH
alone. The results in Table 6 suggest that most of the enhancement (~90%) from 2EH is due
to agitation of the LiBr solution.

The behavior of most of the effective additives evaluated in this study was similar to that
of 2EH. One additive which behaved differently was 2MP. In static pool experiments, 2MP
enhanced performance but did not produce surface agitation. As indicated in Table 7, 2MP
was also the only additive which had a synergistic effect when coupled with 2EH. Since 2MP
is completely soluble in aqueous LiBr, no second phase of 2MP forms at the solution/vapor
interface. This second phase is thought to be necessary for Marangoni agitation.®'” Perhaps
2MP enhances heat and mass transfer by reducing the activation energy of absorption (as
proposed by Biermann).’® Another possibility is that 2MP changes some fluid transport
property, such as viscosity.

4.2 Dynamic Performance Enhancement

Comparison of Tables 5 and 8 indicates general qualitative agreement between static and
dynamic enhancement results for the additives evaluated by both methods. (Quantitative
agreement is not expected because of differences in testing conditions—film thickness, vapor
residence time, fluid velocity, etc.®) The additives producing the most static enhancement,
2EH and HEP, also produce the most dynamic enhancement. The additive producing the
least static enhancement, TFO, also produced the least dynamic enhancement. The static
and dynamic performance enhancement of DFH was intermediate between TFO and HEP.

One significant disparity between static and dynamic results was in the behavior of the
2EH/2MP mixture. In the static tests (summarized in Table 7), this mixture enhanced
performance approximately 10% more than did 2EH alone. However, in the dynamic
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performance tests (Table 8), addition of 2MP to 2EH decreased heat and mass transfer to E;;
< 1. One possible explanation for this disparity is the high solution temperature in the
minisorber (96°C) relative to that of the static LiBr pool (20°C). Because 2MP boils at 83°C,'
most of the 2MP added to the LiBr solution in the minisorber probably vaporized. The
presence of a high partial pressure of 2MP in the minisorber should inhibit water vapor
absorption in the same manner that inert gases inhibit water vapor absorption. If the
minisorber could have been operated at a lower temperature, more 2MP would have
remained in solution and, perhaps, improved absorber performance.

4.3 Thermal and Chemical Stability

This study was directed toward testing additives structurally similar to 2EH but having
slightly greater thermal stability. This experimental approach was justified because previous
measurements by other researchers indicated that 2EH had satisfactory thermal and
chemical stability at generator temperatures near 220°C." (These previous measurements
suggest that 2EH might even be satisfactory at advanced chiller temperatures with some
modifications in chiller design.® See Section 4.4.) Generally, the thermal stability of aliphatic
compounds (1) increases slightly as the number of carbon atoms decreases and (2) increases
significantly as fluorine is substituted for hydrogen.*

The thermal results in Table 9 agree with these predictions. The thermal stability of
HEP (which contains seven carbon atoms) is slightly greater than that of 2EH (which
contains eight carbon atoms). The thermal stability of the fluorinated additive, DFH, is
significantly greater than that of the unfluorinated additive, HEP. Although the presence
of a corrosion inhibitor or LiBr solution changes Ty, the additives in Table 9 have a similar
hierarchy in chemical and thermal stability. For a particular corrosion inhibitor, DFH is
much more stable than HEP, which is slightly more stable than 2EH.

For 2EH, Table 9 shows that chromate is a slightly more reactive inhibitor than
molybdate. In previous studies, differences between chromate and molybdate reactivity were
more pronounced. For example, one study showed significant 2EH reaction with Li,CrO, at
180°C,! while another study showed only moderate 2EH reactivity with Li,MoO, at 220°C."
The apparent discrepancy between Table 9 and the earlier results is due to differences in
inhibitor concentration. When Li,CrO, is used as a corrosion inhibitor in LiBr, a typical
concentration is 2700 wppm.' A typical Li;MoO, concentration in LiBr is 300 wppm.' Since
reactivity is strongly dependent on concentration,? the greater inhibitor concentration (factor
of 12 on a molar basis) partially explains the increased chromate reactivity. The remaining
difference in reactivity is due to chromate’s being a stronger oxidizing agent than
molybdate.?

The results in Table 9 provide relative stability estimates of various inhibitor/additive
combinations. The higher the Ty, the more stable the inhibitor/additive combination. The
results in Table 9 can also be combined with previous stability measurements to crudely
estimate additive decomposition rates. = For example, in a previous stability study,
approximately 7% of the 2EH in an LiBr solution containing Li,M0O, decomposed after
168 hours at 227°C." Since HEP in molybdate is slightly more stable than 2EH in molybdate,
less additive decomposition would be expected if HEP were evaluated at similar conditions.
(At the most representative conditions in Table 9, Ty is ~11°C greater for HEP than for 2EH.)
No additive decomposition would occur if DFH were evaluated at these generator conditions.
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4.4 Implications for Advanced Chiller Development

Ideally, potential additives for the advanced chiller would have superior performance
enhancement as well as superior thermal and chemical stability. Unfortunately, the results
in Tables 5 and 8 indicate that a compromise between stability and performance may be
required. Table 5 indicates that the performance enhancement of HEP is slightly better than
that of 2EH, which is significantly better than that of DFH. However, Table 8 indicates that
the stability of DFH is significantly better than that of either HEP or 2EH. If HEP has
sufficient stability, it would produce more enhancement than DFH in the advanced chiller.
The discussion in the previous paragraph suggests that HEP may be satisfactory at generator
temperatures between 220°C and 235°C.

We are unaware of any obvious, fundamental reason for the apparent compromise
between additive stability and performance. Perhaps more potential performance additives
need to be evaluated. A candidate additive may exist that has both superior performance
enhancement and thermal stability.

Some technical problems associated with alcohol decomposition at high temperatures may
be overcome by design modifications. At the lower limit of the desired generator temperature
(~220°C), HEP may have satisfactory thermal stability if Li,MoO, can be used as a corrosion
inhibitor. Higher generator temperatures may be possible if additional additive can be
supplied to the absorption solution or if additive can be separated from the absorber solution
before the solution enters the generator. Adequate purge capacity would also be required to
remove volatile decomposition byproducts. The effects of nonvolatile decomposition products
on heat and mass transfer must also be considered. Decomposition products could "poison”
the additive enhancement or even coat heat exchanger surfaces. (Fortunately, some previous
experiments indicate that this is not often a problem.!”) Each of these design strategies will
be evaluated in the advanced chiller development program.®

If, after applying the design modifications described in the previous paragraph, HEP still
has insufficient thermal stability, DFH could be used as a performance additive in the
advanced chiller. Although DFH has adequate thermal stability, the performance
enhancement of DFH is significantly less than that of either HEP or 2EH. Fortunately, the
performance enhancement of DFH may also be improved by a different modification of the
advanced chiller design. The results in Table 6 show that most of the performance
enhancement of 2EH (and presumably, HEP) can be recovered by agitation at the
solution/vapor interface. In the static pool experiments, mechanical agitation (stirring)
improved heat and mass transfer almost as effectively as did a performance additive. Similar
mechanical agitation could be accomplished in the advanced chiller by modifying the heat
exchanger surfaces in the absorber. For example, using absorber tubes with noncylindrical
cross-sections and adding fins or turbulence promoters to the tube surfaces might increase
agitation at the solution/vapor interface. Such modifications have been used successfully to
improve heat and mass transfer in another LiBr-water absorber.?
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5. CONCLUSIONS

The effectiveness and stability of potential performance additives in the advanced LiBr
chiller were evaluated in a series of experimental studies. These studies of additive
effectiveness and stability were necessary because many current performance additives
decompose at the high generator temperatures desired in the advanced LiBr chiller (220°C
to 260°C). These stability problems can be mitigated by using less reactive corrosion
inhibitors such as Li,M0O, and by using more stable performance additives such as HEP or
DFH.

A trade-off seems to exist between additive stability and effectiveness: the most effective
performance additives are not the most stable additives. These studies indicate that HEP
or DFH may be effective additives in the advanced LiBr chiller if Li,MoO, is used as a
corrosion inhibitor—HEP provides the greatest performance enhancement, and DFH provides
the best thermal and chemical stability.

Some technical problems associated with alcohol decomposition at high temperature may
be overcome by design modifications. Higher generator temperatures may be possible if
additional additive can be supplied to the absorption solution or if additive can be separated
from the absorber solution before the solution enters the generator. Adequate purge capacity
would also be required to remove volatile decomposition byproducts. Effects of nonvolatile
decomposition byproducts must also be considered. Each of these design strategies will be
evaluated in the advanced chiller development program.

Performance enhancement measurements indicate that enhancement is strongly
correlated with solution agitation. Although several mechanisms have been proposed to
explain how additives enhance heat and mass transfer, the results seem most consistent with
Marangoni-induced convection in the static pool. The most effective performance additives
produced the most agitation at the solution/vapor interface. In the static pool experiments,
mechanical agitation improved heat and mass transfer almost as effectively as did a
performance additive. Similar mechanical agitation could be accomplished in the advanced
chiller by modifying the heat exchanger surfaces in the absorber. This design strategy may
also be evaluated in the advanced chiller development program.
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