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ABSTRACT

Use of a direct contact heat exchanger in a secondary power
cycle has recently been proposed as a means of utilizing geothermal
enérgy in brihe form. The use of a direct contact heat exchanger in
this type of application would be very desirable due to the high
overall heat transfer coefficients obtainable and the elimination of
the effect of scaling upon heat transfer.

In this study, two direct contact heat exchangers were con-
structed and test results were obtained using water and refrigerant
113 as the working fluids. The heat exchangers were operated in a
three-phase mode; the water remained liquid throughout the vessel
and the liquid refrigerant 113 underwent vaporization following direct
injection into the water.

The effect of important operational parameters - operating
heights, refrigerant 113 injection techniques, mass flow ratios, and
temperatures - was studied to determine generalized trends important
in the design and operation of a prototype three-phase direct contact
heat exchanger.

The primary system used in this study performed well overall. The
initial favorable results of this study warrant further'investigation of

direct contact heat exchange as a means of utilizing geothermal energy.
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I.  INTRODUCTION

Direct contact between droplets of a volatile fluid dispersed
within an immiscible liquid medium provides an excellent potential
for heat exchange. Heat transfer coefficients for direct contact
heat exchange have been reported by Sideman and Taitel [1] as being
one or two orders of magnitudé greater than the heat transfer coef-
ficients for processes utilizing metallic heat transfer surfaces.
Other advantages inc]qde: a) larger, more effective heat transfer
areas; b) elimination of the scaling problem on heat transfer sur-
faces; c) less severe corrosion problems; d) relatively simple
equipment design. These advantages make direct contact heat exchange
applicable to a wide variety of industrial applications. The disad-
vantages of this tyne of heat exchanger are basically centered around
the potential loss of working fluid. However, selection of proper
fluids and present separation techniques can largely reduce this
problem. ’

Direct contact heat exchange has been the subject of numerous
articles; the majority of which have dealt with two phase systems,
i.e., systems in which heat is transferred from one fluid in the liquid
phase to a second fluid also in the liquid phaée. Recently, however,
three phasé systems have been investigated as possible desalinization
techniques for sea water [2,3,4]. In this technique a secondary fluid

is boiled off in the sea water forming small ice crystals. These
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crystals can then be separated and melted to yield fresh water. A
second method is to boil the sea water using direct contact heat
transfer with a heavy organic liquid heated to a temperature above
the saturation temperature of the sea water. The vapor that is
evolved can then be condensed to produce the‘fresh water. A pre-
Timinary economic assessment of the latter method has been shown to
compare favorably with other desalinization processes [5].

- Three phase systems have also been proposed as a means of
extracting heat from geothermal brines [6]. The hot geothermal brine
is used to boil a secondary fluid and the resulting vapor is used in
a binary power cycle.

Single drop studies have been carried out by several authors
[1,7,8] for volume type three phase direct contact heat exchangers.
The term "volume type" here refers to heat exchangers in which the
volatile liquid is injected directly into the continuous 1liquid
medium. Sideman and Taitel obtained heat transfer coefficients of
about 350 W/(m2°C) for nonevaporating droplets, while, for droplets
of the same initial drop diameter (3.5 mm) that completely evaporated,
coefficients on the order of 23,OOOIme2°C) were obtained. Similar
results were obtained by Wilke [5] using a heavy drganic liquid as the
continuous phase and water as the volatile phase. These papers indi-
cate the large advantage of utilizing heét transfer processes with
change of phase.

Simpson et. al. [9,10] also studied the evaporation of a

single drop immersed in a continuous immiscible phase and proposed



a new mathematical model. More recently, Jacobs and Thomas [11]
developed an integral analysis for the evaporation of a single spher-
ical drop in an immiscible medium.

Very little information is available concerning single drop
studies for surface boiling three phase direct contact heat exchang-
ers. The term "surface boiling" here refers to heat exchange in
which the volatile liquid is sprayed onto the surface of the continu-
ous liquid medium. A paper by Waldram et. al. [12] discussed a system
where small droplets of various organic liquids, boiling somewhat
above room temperature, were allowed to fall on a shallow layer of
hot silicone o0il. A discussion of the various modes of heat transfer
and the physical conditions necessary to produce these modes is pre-
sented; however, nothing is mentioned as to the heat transfer rates
attained.

Single drop studies and the associated theory on the heat
transfer mechanism involved may not be directly extended to situa-
tions where large numbers of droplets are present in a dispersed
phase due to arbitrary nucleation times and droplet coalescence.
Sideman and Gat [13] studied the problem of a multiple drop three
phase direct contact heat transfer using a volume type boiler, with
the intent of experimentally determining the transfer characteristics
of a small scale 1aborat6ry model under Various operating conditions |
using pentane and water. In this study the volatile fluid (pentane)
had a Tower density than the continuous phase fluid (water). Thus,

evaporation occurred as the volatile droplets rose through the



continuous phase fluid. The results of this study were presented

using a volumetric heat transfer coefficient defined as:

U, = Q/vat (1)
where temperature driving force AT was approximated by the Togar-
ithmic mean temperature difference assuming counter-current flow.
Values of this coefficient were reported as being as high as

2.3 X 10° WAm3ec).

Somers . et. al. [14,15] studied the evaporation of sea water
sprayed onto a layer of hot mineral oil, the mineral oil being less
dense than the water. It was observed that the water drops partly
flashed at the surface of the oil while the remaining portions
immediately sank into the oil phase. Although the heat transfer
appeared most promising, a foam formation occurred due to extensive
boiling below the surface of the mineral oil. This may well have
been due to the emulsion characteristics of the water-mineral o0il
system.

An experimental study of the transient boiling rates of
various cryogens on a water surface has been reported by Drake
et. al. [16,17]. In these experiments,va layer of the cryogen was
introduced onto the surface of a 1ayer.of water. The cryogen was
allowed to boil off, and the evaporation rates were measured. Since
the density of the cryogens was less than the density of the water,

all of the boiling took place at the water-cryogen interface. In
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addition, since the cryogens boil at temperatures below the freezing
point of water, it was observed that ice formed at the interface of
the two fluids and extended into the water. The heat transfer
therefore took place on a water-ice surface or a solid ice or hydrate
crust formed very early in the run. This type of system would best
be described as a four phase system in contrast to the three phase
systems previously discussed.

It is the purpose of this paper to experimentally evaluate
a surface boiling multiple drop three phase direct contact heat
exchanger, in contrast to the volume boiling exchanger discussed by
Sideman and Gat [13]. The surface boiling exchanger has the advantage
that the injection nozzle used for the volatile fluid need not come
in contact with the continuous phase fluid. This is especially advan-
tageous in cases where the continuous phase fluid is corrosive and/or
presents possible scaling problems. It is also much easier to atomize
the volatile fluid by spraying it into a vapor region than by inject-
ing it into a liquid region. Better atomization results in larger
heat transfer surfaces, and thus more effective heat tranéfer. Atom-
izing or spray nozzles do, however, present the problem of slightly
higher pressure drops than liquid jet nozzles as a trade off to the
larger heat transfer areas.

Experiments were conducted on a small scale laboratory model
using Refrigerant 113 as the volatile fluid and water as the continu-
ous phase fluid. In these experiments, R-113 was sbrayed onto the

surface of a two inch layer of heated water using a low capacity



pressure nozzle producing a finely atomized hollow cone spray
pattern. The R-113 was boiled out of the water and the vapor was
collected, condensed, and recycled. Pertinent temperatures, pres-
sures and flow rates were recorded and evaluated and are presented
in the form of performance curves with particular interest placed

on the effects of flow rates .and temperature variations on the over-
all heat flow rate. Results are also presented which define operat-
ing conditions necessary to produce complete boiling of the R-113
and the conditions are shown at which incomplete boiling begins to
occur. A nondimensional equation is derived describing the perfor-
mance of the test apparatus for the range of operating conditions

investigated.



IT.  EXPERIMENTAL APPARATUS

A. System

A schematic of the system used to supply the test vessel
is shown in Figure 1. This system can be divided into two sub-
systems; one supplying water to the test vessel and the other

supplying the R-113.

1. Water Side

The water was heated in a stainless steel kettle, Steam,
supplied by a large boiler in the building, was run through a
jacket in the bottom portion of the kettle to supply the heat. A
1.27 cm needle valve located on the steam inlet line provided
temperature control within the kettle. Supply tank temperature was
measured using a chromel-alumel thermocouple with an accuracy of
+ 1.0 °C. A drain line was constructed at the bottom of the kétt]e
and a fresh water fill line was supplied at the top to allow for
frequent changes of water, insuring that clean water was used in
all of the tests.

Hot water was pumped out of the kettle using a centrifugal
pump. A bypass 1inevwas provided after the pump to reduce the load-
ing on the pump and to allow for more stable water flow control. |

Water flow rates were measured using one of two F. & P. Rota-

meters. The first rotameter covered a range of 0 to 56 liters/hr
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with a calibrated accuracy of + 1.0% of full scale. The second flow
meter had a range of 0 to 114 liters/hr with a calibrated accuracy
of + 1.0% of full scale. Due to slight fluctuations in flow rates,
accuracy during the experiments was reduced to + 1.5 liters/hr for
both flow meters. A gasoline filter was placed before the flow
meter to prevent distortion in the readings caused by clogging or
scaling within the flow meter. A 1.27 cm needle valve was placed
between the filter and the flow meter to provide flow control.

Water leaving the flow meter proceeded to the test vessel at
which point the temperature at the vessel inlet was measured. The
temperature . of the water leaving the vessel was measured
directly after the vessel. Both inlet and outlet tempera-
tures were measured using chromel-alumel thermocouples
calibrated to + 0.1 °C.  Water Tleaving the vessel was routed
back to the heating kettle to be recycled. A sample port was
placed in the water return line to determine if R-113 was being

carried out with the water.

2. R-113 Side

R-113 was supplied to the test vessel from a weighing tank
located on a set of scales. From the weighing tank, the R-113 was
pumped to the test vessel using two centrifuga1 pumps in series, pro-
viding a line pressure of up to 138 kPa. Line pressure between the
pumps and the vessel was measured using one of two pressure gauges,

a 0 to 414 kPa gauge or a 0 to 103 kPa gauge. Most of the test runs

were conducted within ranges where the smaller gauge was used;
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however, some of the higher flow rates required use of the larger
gauge. The 0 to 103 kPa gauge was calibrated using a mercury mano-
meter to + 3.0% of full scale. The 0 to 414 kPa gauge was calibrated
using a mercury manometer to + 3.0% of full scale for pressures up
to 207 kPa. R-113 flow was regulated using a 0.635 cm needle valve
located after the pumps and before the pressure gauges.

After the pressure gauges, the R-113 was directed to the test
vessel. At the test vessel, the temperatures of the R-113 entering
the vessel and the vapor leaving the vessel were measured using
chromel-alumel thermocouples calibrated to + 0.1 °C.

The vapor then flowed to a gas phase flow meter. When R-113
flow was initiated, the temperature of the walls of this flow meter
were lower than the saturation temperatures of both the R-113 vapors
and the water vapors leaving the vessel. This caused portions of
these vapors to condense and build up within the flow meter. HWhen
the system had run Tong enough for it to come to steady state, the
R-113 that had collected in this flow meterbegan to boil off; however,
the temperature within the flow meter was still insufficient to
evaporate the water. Thus there was always a finite amount of liquid
in this flowmeter which prevented its use as a flow measuring device,
and therefore, it was used merely as a sight tube.

From the flow meter, the vapor was taken to a finned tube
heat exchanger to be condensed. The condensate was co]]ected in a

second storage tank.
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B. Vessel

A schematic of the test vessel is shown in Figure 2 with a
photograph of the vessel shown in Figure 3. It consisted of 1.6 cm
mild steel on four sides, with 0.48 cm tempered glass on the front
and back. The top was removable to allow for modifications inside
the vessel. A stainless steel tray was located 7.6 cm above the
bottom of the vessel. This tray was used to provide a constant'depth
of water onto which the R-113 was sprayed. A drawing of the tray is
shown in Figure 4. It was constructed having three sides 7.62 cm
high, with the remaining side 5.08 cm high. Referring to Figure 4,
water entered the tray along Side B, flowed across the tray to Side A,
and there was spilled over into the bottom of the vessel, thus pro-
viding a constant 5.08 cm water depth.

Looking now at Figure 2, water entered the vessel at point 1
through 1.27 cm copper tubing which continued along the bottom of
the vessel until it turned up and into the tray at point 2. It then
flowed across the tfay and was spilled over at point 3. After spill-
ing over, it proceeded along the bottom of the vessel to a 1.27 cm
copper tubing drain line at point 4.

The R-113 entered the vessel at point 5 through 0.32 cm
polyflow tubing. 0.64 cm copper tubing carried the R-113 from the
vessel wall to a nozzle centered over the tray (poiht 6) from which
it was sprayed onto the surface of the water from a height of 12.7 cm.
The R-113 vapor left the vessel through 1.27 cm copper tubing at

point 7.
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Vessel pressure was measured by connecting a port in the side
of the vessel (point 8) to a 122 cm mercury manometer. A chromel-
alumel thermocouple calibrated to + 0.1 °C was also provided to
measure tray temperature. It entered the vessel through the top
plate (point 9) with the bead being located half way between the front
and back of the tray and 7.62 cm from the weir side of the tray. It
was constructed to allow for variations in the height of the bead,
thus providing a horizontal temperature proff]e in the tray.

The vessel was insulated on all sides using 7.72 cm poly-
urethane board to reduce heat losses to the environment. (A discus-
sion of heat loss is given in Appendix I). Two small holes were cut
in the insulation, one in the front and one in the back of the vessel,

to allow for visual observation inside the vessel.
C. Nozzle

A drawing of the spray nozzle is showh in Figure 5 and the
actual nozzle itself is shown in Figure 6. The nozzle is of two part
construction consisting of a nozzle body and a spray insert. The
nozzle body leads the R-113 tangentially into a swirl chamber and,
after spinning in the swirl chamber, emerges through the orifice in
the spray insert in the form of a hollow spinning column of liquid.
As it reaches the outer edge of the orifice, droplets are flung off
of the spinning column, thus producing a hollow cone spray pattern.
This type of nozzle provides a spray with nominal droplet sizes of

approximately 200 microns for design pressures of 138 kPa [18]. The
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spray strikes the surface of the water in the form of a ring with an
inside diameter of 12.7 cm and an outside diameter of 17.8 cm. Full
cone nozzles and square spray nozzles are commercially available and
would possibly have been more effective for our purposes. However,
these nozzles require larger préssure drops for the same flow rates
and thus, due to our pumping restrictions, it was necessary to stay

with the hollow cone pattern.



ITI. EXPERIMENTAL PROCEDURE

Data collection Was essentially a straight forward and simple
procedure. Water temperature in the kettle was set by adjusting
steam flow to provide the desired wafer inlet temperature. Continuous
monitoring of the thermocouple located in the kettle provided essen-
tially cbnstant vessel inlet temperature. Water flow was then set
using the 1.27 cm needle valve located directly before the flow meter.

As has been previously mentioned, water entering the vessel
- was directed into the tray within the vesse]lfrom which it spilled
over onto the bottom of the vessel and was drained. To prevent any
of the R-113 vapor from being carried out through this drain line, it
was necessary to have the water level in the bottom of the vessel
completely cover the drain. All tests were therefore run with a water
depth in the bottom of the vessel of approximately 7.62 cm. This
level could be observed through the hole in the insulation and was
controlled using the gate valve on the water exit line.

R-113 could now be supplied to the test vessel. R-113 flow
rate was set using the line pressure gauges. Since the vessel was
essentially at atmospheric pressure, these gauges read the approxi-
mate pressuré drop across the nozzle. This pressure drop was cali-
brated against flow rate and gave readings of + 1.9 liters/hr. Once

set, the R-113 flow rate was measured to an even greater accuracy



20

using the scales on which the R-113 supply tank was located and a
stop watch. The time it took for a given amount of R-113 (in a
typical run this amounted to 1.8 kg) to leave the supply tank was
measured yielding flow rates accurate to + 0.2 liters/hr.

Temperatures were recorded using a two channel strip chart
recorder and a digital voltmeter. During the course of a test, the
voltmeter was used to monitor the temperature of the water in the
supply kettle. By carefully controlling this temperature, the
temperature at the vessel inlet was held constant throughout the
experiment. The strip chart recorder was used to continually monitor
the inlet and outlet water temperatures. Steady state operation was
attained when the temperature of the water leaving the vessel became
constant. Thus the strip chart recorder was used to determine
whether or not steady state had occurred. Typical tests took approxi-
mately 45 minutes to stabilize. When steady state was reached, all

thermocouple outputs were read using the digital voltmeter.



IV.  DISCUSSION OF RESULTS

The results of this investigation consist essentially of
performance data for the heat exchanger. The method used for data
reduction is given fn.Appendix II. Appendix V contains all of the
pertinent data for each of the figures discussed. This discussion
will be presented in four sections: a) acceptable operating con-
ditions; b) heat transfer characteristics; c) approach temperatures;

and d) correlation equation.

A. Acceptable Operating Conditions

As mentioned in the Introduction, the major disadvantage of
direct contact heat exchangers is the loss of working fluid. It is
therefore necessary to determine at what point large scale carryover
of R-113 occurs. Carryover is defined for the tray configuration
used as the situation where a buildup of R-113 in the tray occurs.
Large scale carryover results when incomplete boiling of the R-113
takes place. Liquid R-113 begins to buf]d up in the heat exchanger
tray until a point is reached at which this liquid R-113 is swept out
of the heat exchanger with the water.

~Figures 7, .8 and 9 show curves used to determine the point
at which incomplete boiling occurs. The heat_transferred to the

R-113, represented by the square symbols, was calculated assuming
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that all of the R-113 was evaporated. The circular symbols represent
the actual heat transferred as calculated from the water side. Both
of the values of the transferred heat were divided by the mass flow
rate of the R-113. The purpose of this procedure was to reduce any
scatter in the data caused by slight fluctuations in the R-113 flow
rate.

When complete boiling occurs, the two values of the trans-
ferred heat should coincide, as they do for the higher water flow
rates. As the water flow rate decreases, however, the heat trans-
ferred from the water begins to drop below the R-113 curve. It is at
this point that R-113 begins to build up. In Figures 7b, 8b and 9b,
the R-113 data is fit to a least squares 1ine.to a}]ow for a better
means of determining the conditions when incomplete boiling occurs.
Also shown (by the vertical dotted line) is the buildup point itself.

Figure 10 shows a compilation of the data from Fiqures 7, 8
and 9. Acceptable operating conditions are shown as a function of
mass flow ratio and the temperature difference between the water
inlet temperature and the R-113 saturation temperature (AT'). For
conditions above the curve, no buildup should be expected. For
operating conditions below the curve, incomplete boiling of the
R-113 will occur, and liquid R-113 is likely to be discharged
through the water outlet line if the system is allowed to operate in

these conditions.
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B. Heat Transfer Characteristics

Within the acceptable operating conditions, it was necessary
to evaluate the heat transfer process for various operating modes.
To accomplish this, a UA factor was defined as the net heat trans-
ferred divided by the log mean temperature difference assuming
counter-current flow. The area term was left in this heat transfer
coefficient due to the difficulty of determining an appropriate area.

Figures 11, 12 and 13 illustrate the behavior of the UA
factor as a function of AT', water flow rate, and R-113 flow rate.
As can be seen from Figure 13, UA is strongly dependent on AT'. The
UA factor drops rapidly as AT' increases for the range of tempera-
tures tested in this study. UA is effectively independent of water
flow rate (Figure 12) as long as the water flow is sufficiently high
to prevent buildup. Fiqure 13 shows the strona dependence of UA on
R-113 flow rate. This figure shows a sharp rise in UA for increasing

R~-113 flow rates.

C. Approach Temperatures

Another important parameter involved in boiling heat transfer
is the degree of superheat attained by the volatile fluid. For the
optimum conditions, one would like to have Fhe R-113 leave the vessel
at its saturation temperature. This would mean that all of the heat
was transferred in the highly efficienf boiling mode rather than the

less efficient heating of a vapor. However, some degree of superheat
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appears to be unavoidable. Both Moore [8] and Sideman [1] have
reported that for highly pure systems, drops of a volatile liquid
suspended in an immiscible liquid medium required an extreme degree
of superheat to initiate vaporization. In the system studied in this
discussion, the large degree of turbulence and the impurities in the
fluids produced minimum superheats of 5 to 7 °C. Figure 14 shows the
degree of superheat as a function of water flow rate for various
values of AT'. The vertical bars crossing the curves in this figure
represent the point at which buildup of R-113 began. Further tests
with 6% by weight NaCl added to the water indicated negligible de-
crease in this superheat requirement,.as shown by the solid circular
symbols in Figure 14. Thus, further increases in the impurities in
the water do not seem to appreciably further reduce the degree of
superheat.

Another approach temperature that is useful in evaluating the
performance of a direct contact heat exchanger is the pinch-point AT.
This parameter is best dascribed with the aid of Figure 15. Pinch-
point AT is defined as the milnimum vertical distance between the
water curve and the R-]]é curve. In all of the experiments carried
out in this investigation, this minimum AT occurred between points A
and B. ‘Once again, one would like this parameter to be as small as
possible in7order-to‘trahsfer as much of the available energy as
possible. Figure 16 shows values for pinch-point AT calculated as
a function of water flow rate for various values of AT'. The vertical

bars indicate points at which buildup begins to occur for the various
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temperatures. For the range of conditions tested, the pinch-point
AT appears to decrease linearly with increasing water flow rates.

Minimum values for pinch-point AT are in the range of 10 to 15 °C.

D. Correlation Equation

Figure 17 represents an effort to.correlate the heat transfer
data from these experiments into a nondimensionalized equation. All
data points used in this correlation were taken from the acceptable
operating range where no buildup of R-113 was occurring. The non-
dimensionalized groups used to characterize the heat transfer for

these data points are the following:

oo A
R-113%,
R-113
Pr h
ey = P, Ja, _ v ToR.113
R113R113 7 6 Ty 0 e~ RT3 sat.’

and

m .
continuous phase

mdispersed phase

where St is the Stanton number, Pr fs the Prandtl number, Ja is the
Jakob number, Cp is the specific heat, and hfg is the heat of vapori-
zation. The temperature difference used in the Jakob number is the
difference between the mean water temperature and the R-113 satura-

tion temperature.
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The dimensionless group H comes from an analysis developed by
Jacobs and Thomas [11], where it was noted that the important para-
meters for the evaporation of a single drop of a volatile fluid in a
continuous 1iquid medium are the drop dimensions, velocity, the
relative viscosities of the various fluids, the difference between
the continuous phase fluid temperature and the saturation temperature
of the volatile fluid. It was also shown, by developing an integral
solution to the energy equation, that the product of the Prandtl
number and the Jakob number based on the vapor properties of the dis-
persed phase (H) is proportional to the rate of evaporation of the
liquid within the bubble. The recommended temperature difference
used . in the Jakob number was the differeﬁce between the temperature
of the continuous phase and the saturation temperature of the volatile
fluid.

The Stanton number was included in the correlation equation
as a means of taking into account the strong dependence of the R-113
flow rate on the performance of the heat exchanger as demonstrated
by Figure 13. It also has the advantage that no area term need be
defined for the heat transfer process.

The final nondimensionalized parameter, the mass flow ratio,
was included as a measure of the dispersion of the R-113 in the
water. For the multiple drop problem, tﬁere is no clear dimension to
characterize the flow; hOweyer; the ratio of initial drop diameter to
drop spacing is obviously important since it affects both the ability

of the drops to acquire heat from the continuous phase and the
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coalescence of the drops. Since only one nozzle was used in the
experiments, information concerning the ratio of drop diameter to
drop spacing was not ascertained.

Using these three nondimensional groups, the correlation

equation that best fits the data of Figure 13 is:

(0.625) m . (0.142)
1.91 n{0- .cont1nuous phase (2)

St
mdispersed phase



The results obtained in this investigation can be summarized

as follows:

1)

5)

V.  CONCLUSIONS

Acceptable operating conditions are shown to be
dependent on AT' and the mass flow ratio of water
to R-113. Acceptable operating conditions are
those conditions necessary to produce complete
boiling of the R-113. It is shown that as AT'
increases the required mass flow ratio decreases.
The efficiency of the heat exchanger, as described
by the UA factor, is shown to have a strong de-
pendence on AT'. The UA factor drops rapidly as
AT' increases for the range of temperatures tested
in this study.

The UA factor is effectively independent of water
flow rate as long as the flow is sufficiently high
to produce complete boiling of the R-113.

The UA factor is strongly dependent on the R-113
flow rate. Increasing the R-113 flow rate results
in a much higher UA factor.

The minimum approach temperatures, as described
using the pinch-point AT, are shown to be in the
range of 10 to 17 °C. This corresponds to minimum

superheats of between 4 and 7 °C.
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The Stanton number for heat transfer to the dis-
persed phase is shown to correlate with the product
of the Jakob number and the Prandtl number, H.
The correlation equation for the present experiment

is:

(0.625) (0.142)

st = 191 H (my o/ 113)

for conditions where buildup does not occur.
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APPENDIX I

HEAT LOSS FROM VESSEL

Heat loss from the vessel was calculated by reducing the
vessel to a composite flat plate with a surface area equal to that
of the vessel. The total surface area of the various materials used

in the construction of the vessel is given below:

Thermal
Material Area Conductivity
5/8" mild steel 0.539 m? 44 watts/m °C
1" mild steel 0.045 m’ 44 watts/m °C
3/16" tempered glass  0.260 m° 0.76 watts/m °C

The entire vessel was insulated using three inches of polyurethane
foam with a thermal conductivity of 0.032 watts/m °C. The internal
heat transfer coefficient was assumed to be 60 watts/m2 °C and the
external heat transfer coefficient was assumed to be 30 watts/m2 °C.
The temperature within the vessel was taken as 75 °C and room temper-
ature was assumed to be 23 °C. Using these assumptions, the following

heat losses were calculated:

Material Heat Loss
5/8" mild steel + insulation 11 watts
1" mild steel + insulation 1 watt
3/16" tempered glass + insulation _.4 watts

Total 16 watts
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Typical values of heat transferred from the water to the
R-113 were on the order of 800 watts. This means that the heat
loss from the vessel to the environment was a mere 2% of the heat
being transferred. This is well below the range of what can be
accurately measured and therefore was neglected in the heat balance

calculations.



APPENDIX II
DATA REDUCTION -

The data obtained from the experimental apparatus used in
this investigation consisted of the temperature at the water inlet

(T .), the temperature at the water outlet (T __), the temperature

wi wo
at the R-113 inlet (TRi)’ the temperature at the R-113 outlet (TRO),
the flow rates of the water (ﬁw) and the R-113 (ﬁR), vessel pressure
(Pv), and atmospheric pressure (Pa)' This data was reduced to giVe
values for the net heat lost from the water (Qw), the net heat gained

by the R-113 (QR), the UA factor (UA), and the pinch-point AT (ATp).

Heat Balance

The heat balance for the test vessel was obtained utilizing
the following assurptions:

‘1) A1l of the R-113 entering the vessel was vaporized
and left the vessel through the R-113 outlet line.

2) A portion of the water entering the vessel was
vaporized and left the vessel through the R-113
outlet Tine as saturated vapor at the R-113 outlet
temperatufe. '

3) Heat losses to the environment were assumed neg]f-

gible.
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These assumptions lead to the energy equation shown below:

mwl(hwi'hwo) * ms(hwi-hso) * mR(hRi'hRo) =0 (11-1)

where hw] is that portion of the water entering the vessel that
remains in the liquid state, hs is that portion of the water enter-
ing the vessel that is vaporized, hR is the R-113 flow rate, and

h ., h ,h

wi’> "wo’ "so’ "Ri
in, the water out, the steam out, the R-113 in and the R-113 out.

h,. and hRo are the respective enthalpies of the water
The mass flow rate of the R-113 can be obtained directly

from the experimental data; however, m , and ﬁs must be calculated.

wl
Letting PS equal the partial pressure of the water vapor in the
vessel, PR equal the partial pressure of the R-113 vapor in the

vessel, and using the definition of partial pressure:

S - SR (11-2)

where MR and Mw are the molecular weights of R-113 and water

respectively. Reducing this equation gives:

) m.M P
m o= -RWS (11-3)

(3 MRPR

PS can be found in steam tables as the saturation pressure for a

temperature of TRo and PR can be calculated from the equation
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PR = Pv - Ps’ thus yielding ﬁsr ﬁw] can now be caiculated using
-v mS' |
Now that the flow rate in Equation (II-1) have been obtained,

m =
wl My

determination of the enthalpy change can be made. The enthalpy
change of the water that remains liquid can be directly found using
the definition of specific heats, i.e.,'cpAT = Ah. This reduces

Equation (II-1) to:

mw]c (Twi'Two) * ms(hwi'hso) * mR(hRi'hRo) =0 (11-4)

Pw

The portion of the water flow being vaporized enters the
vessel and gives up heat as its temperature drops from Twi to TRo'
It then evaporates, absorbing an amount of heat equal to its heat of
vaporization (hfgw) at the temperature of TRo‘ The net enthalpy
change for the water that vaporizes is thus:

T (II-5)

h .-h = C h

wi  sO pw(Twi' Ro) ~ fg,,

Substituting into Equation (II-4) gives:

mw]cpw(Twi—Two) + ms[cpw(Twi-TRo)—hfgw]+ mg(hgihe) = O (11-6)

The enthalpy change of the R-113 can be broken up into three
parts. First the 1iquid R-113 entering is heated up to its saturation

temperature, absorbing an amount of heat equal to c, (T

Pr' R
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where TR is the saturation temperature of the R-113 at a pressure
sat

of P The R-113 is then vaporized, absorbing an amount of heat

R’

equal to h ,» where h is the heat of vaporization of R-113

ng ng

at a pressure of PR' Finally, the R-113 vapors are superheated
where hS is equal to

9R R
o and th.1s equal to the

absorbing an amount of heat given by hS - h
R

the enthalpy of the superheated vapors at TR
enthalpy of the saturated vapors at TR ¢ Substituting these values
sa

into Equation (II-6) gives the final enerqy balance:

Mw1%p (Twi'Two) ¥ ms[%pw(Twi'TRo) - hfgw:l

+myle. (To.-T, ) - h.. + (h_ -h ):|=o (11-7)
R["R RiRsat”  T92 SR 9R

Values for the properties of water were obtained from Reference [19]

and values for the properties of R-113 were obtained from Refer-

ence [20].

Rearranging Equation (I1I-7) yields:
m.c (T .-T )+ m_[c (T .-T_) - h =
wl Py Wi ‘wo s I: p, Wi 'so fgw

molco (T, -To.) + he. + (h_ -h_ ) (11-8)
R[PR Rsat Ri ng Sp gR:I

The left side of this equation represents the net heat transferred
from the water (Qw) and the right side of this equation represents

the net heat transferred to the R-113 (QR). Thus, the definitions of



Qw and QR are:

Q,

Qr
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mwlcpw(Twi'Two) *mg C W(Twi'TRo) - hfgw (11-9)
m, c, (T -T,.) + h + (h_ -h_) (11-10)
R PR RSat Ri ng sR IR
UA Factor

The UA factor was defined as the net heat transferred divided

by the 1og mean temperature difference assuming counter-current flow.

where

and

VA = 5p (I1-11)
LMTD d
anATa/ATbS
ATa = Twi - TRo
ATy = Tuo TRy

Pinch-point AT (ATP)

Pinch-point AT was calculated with the aid of Figure 18.

The equation for the water curve (1line AB) can bé shown to be:
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T .-T

_ w1l wo -—

T-Tw °© [ e ](Ah) (11-13)
1

The pinch-point AT is defined as the minimum vertical distance
between the water curve and the R-113 curve. This occurs between
points C and D in Figure 18. . The value of Ah at these points can

be Ca]cu]ated from the R-113 curve. ZF; is equal to the change in
enthalpy associated with the heating of the liquid R-113 from
entrance conditions to saturafion conditions as calculated from

the equation:
Ah2 = ¢ (T - TRi) (I1-14)

The temperature of the R-113 at point C is the saturation temperature

of the R-113.

The temperature at point D on the water curve can now be

calculated from Equation (II-13).

T.-T : :
- wi WO | _
Twp = l:—————__ :IAh2 + Too (I1-15)

Ah]

_ mwcpme

Multiplying the right side by gives
mwcpwmR
mwcpw(Twi'Two)mR h,
Twp B . . * Two
(mR h])mwcpw
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&h

Ah = Ah for R-113

R-113

Ah = (mHZO/th_”3)AhH20 for water

Figure 18. Pinch-point AT
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which reduces to:

QwQR1

: + T (11-16)
Qpm

Twp ~ wo

wp
c

wop,,

where QR] is the energy added to the R-113 to heat it from entrance

conditions to saturation conditions. Since the net energy added to

the R-113 is equal to the net energy lost from the water, Equation

(11-16) reduces to:

Q
_ W
Tp = - + T (11-17)

m C
pr

The pinch-point AT can now be directly calculated by:

AT = T -T (I11-18)
P wp RSat
or
QR]
AT . = = + T - T (I1-19)
P m C wo Rsat
wp,,
Nomenclature for Appehdix I1
cp - Liquid sbecific heat of R-113
R
cp - Liquid specific heat of water
w
h - R-113 heat of vaporization
ng
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Ro
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wi
wo

SO

Ahy

LMTD
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Water heat of vaporization
Enthalpy of R-113 entering vessel
Enthalpy of R-113 Teaving vessel
Enthalpy of saturated R-113 vapors
Enthalpy of water entering vessel
Enthalpy of water leaving vessel
Enthalpy of steam leaving vessel
Total enthalpy change of R-113

Enthalpy change associated with the heating of the
1iquid R-113 from inlet conditions to saturation
conditions

Log mean temperature difference

Mass flow rate of R-113

Mass flow rate of water turning to steam
Total flow rate of water

Mass flow rate of water remaining liquid
Mo]écu]ar weight of R-113

Molecular weight of R-113



sat

wi

wo

wp

AT

Atmospheric pressure

Partial pressure of R-113 in vessel
Partial pressure of water vapor in vessel
Vessel pressure

Net heat gained by R-113

Energy added to the R-113 to heat it from entrance
conditions to saturation conditions
R-113 inlet temperature

R-113 outlet temperature

R-113 saturation temperature

Water inlet temperature

Water outlet temperature

Temperature of water used in calculating ATp

Pinch-point AT

54



APPENDIX ITI

COMPUTER ROUTINE

This discussion contains instructions for the operation of

the data reduction routine, the necessary inputs, a variable list, a

1isting of the program, and a sample output. The prdgram was written

in the Real Time Basic language using the Univac 1108 computer at

the University of Utah Computing Center.

The inputs to the program are:

1.

The thermocouple readings of the water inlet, the water
outlet, the R-113 inlet, and the R-113 outlet, all in
millivolts.

The flow meter number (1 for the high range flow meter or
2 for the low range flow meter) and the flow meter
reading for the water side.

The R-113 flow rate in gallons per hour.

Tank pressure and atmospheric pressure in inches of

mercury.

The computer utilizes a series of curve fits to convert these

inputs into their various values.



D1
D2
D3
D4
D5
D6
D7
D8
F1
F2
F5
F6
F7
F8
F9
H1
H2
H3
H4
H7
K1
P1
P2
P3

List of Variables

LMTD (°F)

Intermediate temperature

Intermediate temperature

R-113 flow rate (kg/hr)

Flow rate of water leaving vessel as steam (kg/hr)
Flow rate of water leaving vessel as liquid (kg/hr)
LMTD (°C)

R-113 saturation temperature (°C)

Total water flow rate (gal/hr)

R-113 flow rate (gal/hr)

Total water flow rate (1bm/hr)

R-113 flow rate (1bm/hr)

Flow rate of water leaving vessel as steam (1bm/hr)
Flow rate of water leaving vessel as liquid (1bm/hr)
Total water flow rate (kg/hr)

Enthalpy of saturated R-113 Tiquid (Btu/1bm)
Enthalpy of saturated R-113 vapor (Btu/1bm)

R-113 heat of vaporization (Btu/1bm)

Enthalpy of superheated R-113 (Btu/lbm)

Water heat of vaporization (Btu/lbm)

Water flow meter number

Vessel pressure (inches mercury gage)

Atmospheric pressure (inches mercury)

Partial pressure of R-113 in vessel (psi)
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P4
P5
P6
P7
P8
P9
Q1
Q2
Q5
Q6
Q7

S1
\Y

S6
Tl
T2
T3
T4
T5
T6
T7

T8 .

T9

Intermediate pressure

Partial pressure of water in vessel (Pa)
Partial pressure of R-113 in vessel (Pa)

Partial pressure of water in vessel (psi)

Vessel pressure (psia)

Vessel pressure (Pa)

Heat transferred from water (mcpAT) (Btu/hr)
Total heat transferred to R-113 (Btu/hr)

57

Heat transferred to heat 1liquid R-113 to saturation (Btu/hr)

Heat transferred to evaporate R-113 (Btu/hr)

Heat transferred to superheat R-113 (Btu/hr)

Intermediate number

Pinch-

Pinch

point AT (°F)
point AT (°C)

Mean water temperature (°F)

Mean water temperature (°C)

Water
Water
R-113
R-113
Water
Water
R-113
R-113
R-113

inlet temperature (°F)
outlet temperature (°F)
inlet temperature (°F)
outlet temperature (°F)
inlet temperature (°c)
outlet temperature (°C)
inlet temperature (°C)
outlet temperature (°C)

saturation temperature (°F)



U1
U2
U3
u4
W1
W2
W3
W4
W5
W6
W7

UA factor (Btu/hr °F)

Heat loss from water that remains liquid (Btu/hr)
Heat taken by water turning to steam (Btu/hr)

Net heat transferred from water (Btu/hr) -

UA factor (watts/°C)

Heat transferred to heat liquid R-113 to saturation (watts)
Heat transferred to evaporate R-113 (watts)

Heat transferred to superheat R-113 (watts)

Total heat transferred to R-113 (watts)

Heat loss from water that remains liquid (watts)
Heat taken by water turning to steam (watts)

Net heat transferred from water (watts)
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100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
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Program List

PRINT 'INPUT THE MILLIVOLT READINGS FOR: 1)TEMP. WATER IN'
'2) TEMP. WATER OUT 3) TEMP. R-113 IN 4) TEMP.'

PRINT 'R-113 OUT.'

INPUT T1,T2,T3,T4

REM CALCULATE TEMPERATURES FROM CALIBRATION CURVE FITS (F)
LET T1=-.6379795*T1*T1+45.69303*T1+33.23435

LET T2=-.4946314*T2*T2+45.21539 T2+33.65707

LET T3=-.4719833*T3*T3+45.17156*T3+33.61337

LET T4=-.2423911*T4*T4+44.14771*T4*34.56679

LET S5 =(T1+72)/2

REM CONVERT TEMPERATURES TO C

LET A=.55488

LET B=17.755

LET T5=A*T1-8

LET T6=A*T2-B

LET T7=A*T3-B

LET T8=A*T4-B

LET S6=A*S5-B

PRINT 'INPUT FLOW METER # AND READING FOR WATER'
INPUT K1,F1

REM CALCULATE WATER FLOW RATE FROM CALIBRATION CURVE
REM FITS IN GPH

IF K1=1 THEN 225

GO TO 235

LET F1 =1.553*F1-3.230

REM CONVERT WATER FLOW RATE TO LBM/HR AND KG/HR

LET F5=8.1813*F1

LET F9=F5/2.205

PRINT 'INPUT R-113 FLOW RATE (GPH)'

INPUT F2

REM CALCULATE R-113 FLOW RATE IN LBM/HR AND KG/HR
LET F6=12.962*F2

LET D4=F6/2.205

PRINT 'INPUT TANK P AND ATMOS. P (IN. HG.)'

INPUT P1,P2

LET P8=.49118*(P1+P2)

LET P9=6894*P8

REM CALCULATE PARTIAL PRESSURE OF WATER VAPOR IN VESSEL
REM 2PSI AND PA) AND THE ASSOCIATED HEAT OF VAPORIZATION
REM (BTU/LBM) FROM STEAM TABLE CURVE FITS.

IF T4<100 THEN 320

IF T4<131 THEN 330

IF T4<162 THEN 345

PRINT 'TEMP. R-113 OUT EXCEEDS STEAM TABLE CURVE FIT'
GO TO 1155

LET P7=.5101799E-3*T4*T4-.7508953E-1*T4+3. 36946

LET H7=-.9704596E-4*T4*T4-.5514279*T4+1093.1



340
345
350
355
360
365
370
375
3380
385
390
395
400
405
410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
500
- 505
510
515
520
525
530
535
540
545
5590
555
560
565
570
575
580
585
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GO TO 355

LET P7=.9218157E-3*T4*T4-.1837579*T4+10. 54667

LET H7=-.2485435E-3*T4*T4-.5141338*T4+1090.82

LET P5=6894*P7

REM CALCULATE PARTIAL PRESSURE R-113 IN PSI AND PA
LET P3=P8-P7

LET P6=6894*P3

REM CALCULATE STEAM CARRYOVER IN LBM/HR AND KG/HR
LET F7=(.096056*F6*P7)/P3

LET D5=F7/2.205

REM CALCULATE FLOW RATE OF WATER LEAVING THE VESSEL
REM AS LIQUID IN LBM/HR AND KG/HR

LET F=F5-F7

LET D6=F8/2.205

REM CALCULATION OF  FOR R-113 USING A LIQUID DENSITY OF
REM 96.96 LBM PER CUBIC FOOT AND A SPECIFIC HEAT OF THE
REM LIQUID OF .218 BTU PER LBM PER DEGREE F

REM

REM CALCULATE R-113 SATURATION TEMPERATURE (F AND C),
REM LIQUID ENTHALPY (BTU/LBM), AND VAPOR ENTHALPY (BTU/LBM)
REM FROM R-113 TABLE CURVE FITS.

IF P3<10.5 THEN 470

IF P3<14.5 THEN 480

IF P3<19.5 THEN 500

IF P3<25.5 THEN 520

IF P3<30.5 THEN 540

PRINT 'PRESSURE EXCEEDS RANGE OF R-113 TABLE CURVE FIT'
G0 TO 1125

LET T9=-.1250575*P3*P3+7.293981*P3+37.30327

LET H1=-.2576664E-1*P3*P3+1.576661*P3+15.30357

LET H2=-.1840998E-1*P3*P3+1.076896*P3+84.19097

GO TO 555

LET T9=-.7635257E-1*P3*P3+5.870781*P3+47.70107

LET H1=-.1539114E-1*P3*P3+1.267993*P3+17.59979

LET H2=-.1145736E-1*P3*P3+.8713381*P3+85.70316

GO TO 555

LET T9=-.4843597E-1*P3*P3+4.815339*P3+57.68259

LET H1=-.1026264E-1*P3*P3+1.073061*P3+19.45455

LET H2=-.745658E-2*P3*P3+.7225737*P3+37.09507

GO TO 555

LET T9=-.3106334E-1*P3*P3+3.970668*P3+67.92628

LET H1=-.5800642E-2*P3*P3+.8499256*P3+22.24455

LET H2=-.4097026#-2*P3*P3+.5567701*P3+89.13838

LET D8=(T9-32)/1.8

REM CALCULATE R-113 HEAT OF VAPORIZATION (BTU/LBM).
LET H3=H2-H1

REM  CALCULATE ENTHALPY OF SUPERHEATED R-113 VAPOR LEAVING

REM THE VESSEL (BTU/LBM) USING R-113 TABLE CURVE FIT.
LET H4=.56745E-4*T4*T4+.1449534*T4+78.18323
LET P4=16-P4



590
595
600
605
610
615
620
625
630
635
640
645
650
655
660
665

670

675
680
685
690
695
700
705
710
715
720
725
730
735
740
745
750
755
760
765
770
775
780
785
790
795
800
805
810
815
820
825
830
835

LET
REM
REM
REM
LET
LET
LET
LET
REM
LET
LET
LET
LET
LET
REM
REM
REM
LET
LET
LET
LET
LET
LET
REM
REM
LET
LET
LET
LET
REM
LET
LET
REM
LET
LET
LET
REM
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HA=H4+. 04%P4
CALCULATE HEAT ADDED TO R-113 TO HEAT IT TO SATURATION
BTU/HR), TO BOIL IT (BTU/HR), TO SUPERHEAT IT (BTU/HR),
ND THE TOTAL HEAT ADDED (BTU/HR).
Q5=.218*F6*(T9-T3)
Q6=F6*H3
Q7=F6* (H4-H2)
Q2=Q5+Q6+Q7
CONVERT THESE VALUES TO WATTS.
A=3.413
W1=Q5/A
W2=Q6/A
W3=Q7/A
W4=Q2/A
CALCULATION OF Q FOR WATER SIDE (BTU/HR AND WATTS)
USING A LIQUID DENSITY OF 61.2 LBM/CUBIC FOOT
AND A LIQUID SPECIFIC HEAT OF 1.0 BTU/LBM F.
U1=F8*1.0*(T1-T2)
U2=F7*(H7-(1.0%(T1-T4)))
U3=U1-U2
W6=U1/3.413
W6=U2/3.413
W7=U3/3.413
CALCULATION LMTD (F AND C) ASSUMING A COUNTERFLOW
CONFIGURATION
D2=T1-T4
D3=T2-T3
D1=(D2-D3)/(LOG(D2/D3))
D7=D1/1.8
CALCULATION OF UA FACTOR (BTU/HR F AND WATTS/C)
U=Q2/D1
U4=U*.5274
CALCULATION OF PINCH-POINT DELTA T (F AND C)
$=(Q5/(8.18125%F1))+T2
S1=S-T9 :
$2=51/1.8
OUTPUT

PRINT
PRINT
PRINT 'TEMP. WATER IN ='T1,'F',T5,'C'
PRINT 'TEMP. WATER OUT ='T2,'F',T6,'C'

PRINT 'TEMP. R-113 IN ='T3,'F',T7,'C'
PRINT 'TEMP. R-113 OUT ='T4,'F',T8,'C'
PRINT

PRINT 'R-113 SAT. TEMP., ='T9,'F',D8,'C’
PRINT

PRINT 'MEAN WATER TEMP ='S5,'F',S6,'C'
PRINT

PRINT

PRINT 'TOTAL WATER FLOW RATE =',F5,'LBM/HR'



840
845
850
855
860
865
870
875
880
885
890
895
900
905
910
915
920
925
930
935
940
945
950
955
960
965
970
975
980
990
995
1000
1005
1010
1015
1020
1025
1030
1035
1040
1045
1050
1055
1060
1065
1070
1075
1080
1085

PRINT ,,F9,'KG/HR'
PRINT
PRINT 'NATER FLOW REMAINING LIQUID =',F5,'LBM/HR'
PRINT ,,D6,'KG/HR’
PRINT
PRINT 'NATER FLOW LEAVING AS STEAM =',F7,'LBM/HR'
PRINT ,,D5,'KG/HR'
PRINT
PRINT
PRINT
PRINT 'R-113 FLOW RATE ='F6,'LBM/HR',D4,'KG/HR'
PRINT
PRINT
PRINT
PRINT 'TANK PRESSURE =',P8,'PSIA’

PRINT ,, P9,'PA’
PRINT
PRINT 'PARTIAL PRESSURE STEAM =',P7,'PSI'
PRINT ,,P5,'PA’

PRINT

PRINT 'PARTIAL PRESSURE R-113 =',P3,'PSI'
PRINT ,,P6,'PA'
PRINT

PRINT

PRINT '
PRINT 'HEAT LOSS FROM WATER REMAINING LIQUID =',UT,'BTU/HR’
PRINT ,,,W5, '"WATTS'

PRINT

PRINT 'HEAT GAIN FROM WATER TURNING TO STEAM =',U2,'BTU/HR'
PRINT
PRINT 'NET HEAT TRANSFERRED FROM WATER ='U3,'BTU/HR'
PRINT ,,, W7, 'WATTS'

PRINT

PRINT

PRINT

PRINT 'HEAT ADDED 7O LIQUID R-113 =',,Q5,'BTU/HR'
PRINT ,,, W1,'WATTS'

PRINT

PRINT 'HEAT ADDED TO BOIL R-113 =',,Q6,'BTU/HR'
PRINT ,,, W2,'WATTS'

PRINT ,
PRINT 'HEAT ADDED TO SUPERHEAT R-113 =',Q7,'BTU/HR'
PRINT ,,,,W3, 'WATTS' -

PRINT

PRINT 'NET HEAT ADDED TO R-113 =',,Q2,'BTU/HR'
PRINT ,,,W4, 'WATTS' :
PRINT

PRINT

PRINT
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1090
1095
1100
1105
1110
1115
1120
1125
1130
1135
1140
1145
1150
1155

PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
PRINT
GO TO
END

‘LMTD =',D1,'F;,D7,'C’
'UA =',U,'BTU/LBM F',U4, 'WATTS/C'

'"PINCH-POINT =',S1,'F',S2,'C"

100

63



Sample Qutput

RUNNH

INPUT THE MILLIVOLT READINGS FOR:

1:TEMP. WATER IN

2) TEMP. WATER OUT 3) TEMP. R-113 IN 4) TEMP,

R-113 OUT.
? 3.106,2.754,1.267,2.320

INPUT FLOW METER # AND READING FOR WATER

? 1,21
INPUT R-113 FLOW RATE (GPH)
? 2.893

INPUT TANK P AND ATMOS. P (IN. HG.)

? 4.25,25.42

TEMP. WATER IN = 169.00216
TEMP. WATER OUT = 154.42871
TEMP. R-113 IN = 90.088066

TEMP. R-113 OUT = 135.68483

R-113 SAT. TEMP. = 106.77479
MEAN WATER TEMP = 161.71544

TOTAL WATER FLOW RATE =
WATER FLOW REMAINING LIQUID

WATER FLOW LEAVING AS STEAM

R-113 FLOW RATE = 37.499066
TANK PRESSURE =
PARTIAL PRESSURE STEAM =

PARTIAL PRESSURE R-113 =

240.39114
109.02092

239.61464
108.66877

.77650025
.35215431
LBM/HR
14.57331
100468. 399

2.5844815
17817.415

11.988829
82650.986

76.020920
67.934404
32.233066
57.533798
41.541552
71.977662
LBM/HR
KG/HR

LBM/HR
KG/HR

LBM/HR
KG/HR

17.006379
PSIA
PA

PSI

PSI
PA

(@] o OOO0

KG/HR
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HEAT LOSS FROM WATER REMAINING LIQUID

HEAT GAIN FROM WATER TURNING TO STEAM

NET HEAT TRANSFERRED FROM WATER =

HEAT ADDED TO LIQUID R-113 =

HEAT ADDED TO BOIL R-113 =

NET HEAD ADDED TO R-113 =

LMTD = 47.139740

~UA = 57.427548

PINCH-POINT = 48.221376

F
BTU/LBM F
F

3492.0116
1023.1502

763.42923
223.68275

2728.5823
799.46743
136.41060
39.967946

2398.1849
702.66185

2707.1197
793.17894
26,188744
30.287289
26.789654
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BTU/HR
WATTS

BTU/HR
WATTS

BTU/HR
WATTS
BTU/HR
WATTS

BTU/HR
WATTS

BTU/HR
WATTS

C
WATTS/C
C



APPENDIX IV
DATA

This appendix contains, in tabular form, the data used to
generate the curves presented in this paper. The data obtained from
the experimental apparatus is provided in reduced form with the
necessary results for each curve included. A list of variables used

in these tables is included at the end of this section.



Table 1.

Data for Figure 8

m i T . T T, T px 10% [P, x 10% WMz [%/Mg
) ke | GO | D [eo [ co [ Gy | ko |3 |4
a a g)  }{I/kg)

109 17.0 | 64.7 |71 |32.5 | 51.3 9.88 | 8.61 |1.67 |1.68
98 17.1 | 6a.5 |56.7 |32.3 | s0.7 9.88 | 8.61 |1.55 |1.63
86 6.8 |64.8 |556 [32.9 | 50.4 |10.47 | 8.49 [1.67 |1.62
74 6.8 |64.8 |545 (339 |59.8 |10.01 | 849 [1.59 [|71.61
63 6.7 |65.0 |53.0 |33.4 | 485 9.88 | 8.49 |1.59 |1.6]
62 171 | 64.3 |52.4 |31.8 | 45.5 9.91 | 8.56 |1.54 |1.60
54 17.1 | 6a.3 | 510 [31.0 | 435 9.66 | 8.56 |1.52 | 1.60
46 17.3 | 647 |92 |30.5 | 2.7 9.40 | 8.56 |1.49 | 1.60
38 171 |e65.0 |57.8 [30.3 | az.8 9.32 1.38 | 1.60
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Table 2. Data for Figure 9
; : 4 Q/m Qr/m
M MR Twi WO . TRi TRo Pv x 10 Pa X 10 y 1%5 '§ ]85
(kg/hr) | (kg/hr) | (°C) (°C) (°C) (°C) (P,) (P,) (J/kg) | (3/kg)
109 16.8 69.3 61.7 33.8 53.2 9.92 8.65 1.67 1.64
98 17.0 69.3 61.1 32.9 53.3 9.84 8.65 1.58 1.65
86 16.8 69.3 60.1 32.6 52.8 9.88 8.65 1.58 1.65
80 16.9 69.4 59.1 31.5 52.3 9.93 8.66 1.69 1.65
74 16.9 69.3 58.8 32.4 52.2 9.92 8.65 1.58 1.64
69 17.0 69.4 57.8 31.6 51.4 9.68 8.66 1.62 1.65
63 16.9 69.3 57.1 32.2 51.1 9.92 8.65 1.56 1.64
62 17.3 68.9 55.6 30.6 49.6 10.24 8.59 1.69 1.64
58 16.7 68.9 55.4 32.3 49.8 9.53 8.64 1.61 1.63
58 17.0 68.8 55.2 31.4 48.8 9.87 8.60 1.64 1.63
54 17.0 69.4 54.9 32.9 48.9 9.63 8.62 1.60 1.62
51 16.8 69.2 54.8 32.2 49.9 9.84 8.65 1.52 1.63
50 17.1 69.0 53.5 31.7 48.6 9.70 8.60 1.58 1.62
46 17.3 69.0 52.9 33.2 47.1 9.54 8.62 1.50 1.60
42 16.9 69.2 51.7 32.2 47.4 9.53 8.64 1.52 1.61
42 17.1 69.1 51.4 31.5 47.2 9.53 8.60 1.53 1.62
38 17.4 68.9 50.1 32.2 45.3 9.55 8.62 1.46 1.60
38 16.9 68.9 50.5 31.3 46.4 9.74 8.60 1.47 1.61
34 16.6 68.8 49.5 31.9 45.4 |.,.9.44 8.64 1.39 1.60
34 17.0 68.9 49.9 31.2 45.2 | 9.49 8.60 1.34 1.61
30 16.9 69.0 43.3 31.1 44.5 9.44 8.60 1.30 1.60
26 16.8 69.1 49.0 31.6 44.3 9.36 8.64 1.16 1.60
26 16.7 69.1 47.8 31.0 44.1 9.36 8.60 1.06 1.60
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Table 3. Data for Figure 10

0, e T To | Tri Teo [Py X 10%[p, x 107 o /i [Qp/mg
(ka/hr) f(kg/he) [(°C) fee) |0y fee) | () | (P | X108 | X103
(9/kg) | (I/kq)
109 17.0 76.0 67.9 32.2 57.5 10.04 8.61 1.69 1.68
98 16.9 76.3 67.4 32.0 57.6 10.00 8.61 1.64 1.68
86 16.8 75.9 66.2 31.6 57.1 9.96 8.61 1.61 1.68
74 16.9 76.4 | 64.8 31.7 56.3 9.96 8.61 1.69 1.68
63 16.8 76.0 | 62.8 31.7 54.9 9.96 8.61 1.65 1.67
62 16;8 75.6 63.1 30.3 51.3 9.65 8,56 1.57 1.66
54 16.9 75.9 61.0 30.5 50.8 9.65 8.56 1.64 1.65
46 16.9 75.8 58.8 30.4 50.1 9.74 8.56 1.61 1.65
38 17.1 75.9 56.2 30.4 47.3 9.57 8.56 1.56 1.63
30 16.9 75.5 52.1 30.3 44.8 9.65 8.56 1.51 1.61
22 17.2 76.0 48.6 30.2 42.6 9.22 8.56 1.25 1.60
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Table 4.

Data for Fiqure 12

Ihw mR Twi Two TRi TRo Pv X ]04 Pa X ]04 AT (wages/
(kg/hr) 1 (kg/hr) | (°C) (°C) (°c) (°C) (Py) (Py) | (°C) °C)
109 17.0 64.7 57.1 32.5 51.3 9.88 8.61 22.2 41.9
109 16.8 69.3 61.7 33.8 53.2 9.92 8.65 27.2 35.5
109 17.0 76.0 67.9 32.2 57.5 10.05 8.61 34.6 30.3
109 16.8 81.8 73.3 32.8 62.0 9.92 8.49 42.4 27.4
54 13.6 66.0 54.1 28.5 49.0 9.04 8.62 25.9 29.8
54 13.8 68.6 56.9 27.2 50.9 9.14 8.60 28.7 27.7
54 13.5 72.3 59.6 28.8 52.3 9.22 8.63 32.3 25.2
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Table 5. Data for Figure 13

m. Mo Twi Two TRi TRo PV X 10 Pa X 10 AT (wgﬁts/
(ko/hr) Ja/br) | () | c0) | (o) | o | ) | ey | (o) vt
109 16.8 69.3 61.7 33.8 53.2 9.92 8.65 27.2 35.5
98 17.0 69.3 61.1 32.9 53.3 9.34 8.65 27.5 36.0
86 16.8 69.3 60.1 32.6 52.8 9.88 8.65 27.2 35.5
80 16.9 69.4 59.1 31.5 52.3 9.93 8.66 27.0 35.3
74 16.9 69.3 58.8 32.4 52.2 9.92 8.65 26.7 35.7
69 17.0 69.4 57.8 31.6 51.4 9.68 8.66 27.7 35.4
63 16.9 69.3 57.1 32.2 51.1 9.92 8.65 26.7 35.9
109 17.0 76.0 67.9 32.2 57.5 10.05 8.61 34.6 30.3
a8 16.9 76.3 67.4 31.9 57.6 10.00 8.61 34.9 30.3
86 16.8 75.9 66.2 31.6 57.1 9.96 8.61 34.6 30.3
74 16.9 76.4 64.8 31.7 56.3 .9.96 8.61 34.9 30.2
63 16.8 76.0 62.8 31.7 54.9 9.96 8.61 34.1 30.1
109 17.0 64.7 57.1 32.5 51.3 9.88 8.61 22.2 41.9
98 17.1 64.5 56.7 32.3 50.7 9.88 8.61 22.0 41.6
86 16.8 64.8 55.6 32.9 50.4 10.48 8.49 20.3 41.2
74 16.8 64.8 54.5 33.9 49.8 10.00 8.49 21.7 42.5
109 16.8 81.8 73.3 32.8 62.0 9.92 8.49 42.3 27.4
98 16.8 81.9 72.8 32.6 62.0 10.05 8.49 41.9 27.6
86 16.8 82.1 71.7 32.7 61.2 10.01 8.49 41.9 27.3
74 16.9 82.2 70.4 32.6 60.1 - { 10.01 8.49 41.7 27.2
63 16.9 81.7 68.3 32.4 58.7 9.97 8.49 40.8 27.4
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Table 6. Data for Figure 14

- : . 4 . UA

My MR Twi Two TRi TRo Pv X 10 Py X 107} AT (watts/
(kg/hr) [ (kazhe) | (C) | () | (°c) | o) | py) | o) | ee) | ec)

58 16.3 68.8 54.0 32.7 49.0 10.25 8.64 24.7 35.5

58 15.5 68.7 56.1 32.4 50.2 9.45 8.64 27.5 33.4

58 15.3 68.9 54.7 32.4 48.9 9.74 8.64 26.4 32.5

58 14.2 68.9 56.7 28.2 50.5 9.28 8.64 28.4 28.4

58 13.1 68.8 57.2 28.1 50.2 9.15 8.64 28.7 25.8

el



Table 7.

Data for Figure 15

My Ma Twi Two TRi TRo Pv X 10 Pa X 107 | AT AT
kg/hr)  |(kg/hr) | (°C) (°c) (°C) (°C) (P,) (Py) | (°C) | (°C)
109 16.8 69.3 61.7 33.8 53.2 9.92 8.65 27.2 11.1
98 17.0 69.3 61.1 32.9 53.3 9.84 8.65 27.5 11.4
86 16.8 69.3 60.1 32.6 52.8 9.88 8.65 27.2 10.7
80 16.9 69.4 59.1 31.5 52.3 9.93 8.66 27.0 9.9
74 16.9 69.3 58.8 32.4 52.2 9.92 8.65 26.9 9.7
69 17.0 69.4 57.8 31.6 51.4 9.68 8.66 27.7 9.7
63 16.9 69.3 57.1 32.2 51.1 9.92 8.65 26.7 8.5
62 17.3 65.9 55.6 30.6 49.6 10.24 8.59 24.9 5.6
58 16.7 68.9 55.4 32.3 49.8 9.53 8.64 27.3 8.2
58 17.0 68.8 55.2 31.4 48.8 9.87 8.60 25.9 5.8
54 17.0 69.4 54.9 32.9 48.9 9.63 8.62 27.3 6.8
51 16.8 69.2 54.5 32.2 49.9 9.84 8.65 26.6 7.3
50 17.1 69.0 53.5 31.7 48.6 9.70 8.60 26.6 6.2
46 17.3 69.0 52.9 33.2 47.1 9.54 8.62 26.8 4.9
42 16.9 69.2 51.7 32.2 47.4 9.53 8.64 27.1 5.3
42 17.1 69.1 51.4 31.5 47.2 9.53 8.60 27.0 5.1
38 17.4 68.9 50.1 32.2 45.3 9.55 8.62 26.4 2.7
38 16.9 68.9 50.5 31.3 46.4 9.74 8.60 26.0 3.4
34 16.6 68.8 49.5 31.9 45.4 9.44 8.64 26.7 3.2
34 17.0 68.9 49.9 31.2 45.2 9.49 8.60 26.6 2.9
30 16.9 69.0 48.3 31.1 44.5 9.44 8.60 26.8 2.2
26 -16.8 69.1 49.0 31.6 44.3 9.36 8.64 27.1 2.3
26 16.7 69.1 47.8 31.0 44.1 9.36 8.60 27.1 2.0
109 17.0 64.7 57.1 32.5 51.3 9.88 8.61 22.2 8.9
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Table 7 (continued)

32.3 50.7 9.
32.9 50.4 10.
33.9 49.8 10.
33.4 48.5 9.
31.8 45.5 9
31.0 43.5 9
30.5 42.7 9
30.3 42.8 9.
32.2 57.5 10
31.9 57.6 10.
31.6 57.1 9.
31.7 56.3 9
31.7 54.9 9.
30.3 51.3 9
30.5 50.8 9
30.4 50.1 9.
30.4 47.3 9.
30.3 44 .8 9
30.2 42.6 9

€O 00 00 €0 00 €O 00 00 €O 0o 0o Co 0o 0o Co Qo Co Co Co
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Table 8. Data for Figure 17
. R 4 \
m, Mo Wi Two TRi TR0 Pv X 10 Pa X 10" | AT ATp
(kg/hr) J{kg/hr) | (°C) (°c) (°c) (°C) (Py) (p,) | (°C) (°C)
109 16.8 69.3 61.7 33.8 53.2 9.92 8.65 27.2 19.8
98 17.0 69.3 61.1 32.9 53.3 9.84 8.65 27.5 19.6
86 16.8 69.3 60.1 32.6 52.8 9.88 8.65 27.2 18.4
80 16.9 69.4 59.1 31.5 52.3 9.93 8.66 27.0 17.2
74 16.9 69.3 58.8 32.4 52.2 9.92 8.65 26.9 16.9
69 17.0 69.4 57.8 31.6 51.4 9.68 8.66 27.7 16.6
63 16.9 69.3 57.1 32.2 51.1 9.92 8.65 26.7 15.1
62 17.3 68.9 55.6 30.6 49.6 10.24 8.59 24.9 12.4
58 16.7 68.9 55.4 32.3 49.8 9.53 8.64 27.3 14.4
58 17.0 68.8 55.2 31.4 48.8 9.87 8.60 25.9 13.0
54 17.0 69.4 54.9 32.9 48.9 9.63 8.62 27.3 13.5
51 16.8 69.2 54.8 32.2 49.9 9.84 8.65 26.6 13.0
50 171 69.0 53.5 31.7 43.6 9.70 8.60 26.6 11.9
46 17.3 69.0 52.9 33.2 47.1 9.54 8.62 26.8 11.5
42 16.9 | 69.2 51.7 32.2 47.4 9.53 8.64 27.1 10.5
42 17.1 69.1 51.4 31.5 47.2 9.53 8.60 27.0 10.2
38 17.4 68.9 50.1 32.2 45.3 9.55 8.62 26.4 8.6
38 16.9 68.9 50.5 31.3 46.4 9.74 8.60 26.0 8.6
34 16.6 68.8 49.5 31.9 45.4 9.44 8.64 26.7 8.4
34 17.0 68.9 49.9 31.2 45.2 9.49 8.60 26.6 8.8
30 16.9 69.0 48.3 31.9 44.5 9.44 8.60 26.8 7.4
26 16.8 69.1 49.0 31.6 44.3 9.36 8.64 27.1 8.4
26 16.7 69.1 47.8 31.0 441 9.36 8.60 27.1 7.2
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Table 8. (continued)

32.5 51.3 9.88
32.3 50.7 9.88
32.9 50.4 10.48
33.9 49.8 10.00
33.4 48.5 9.88
31.8 45.5 9.91
31.0 43.5 9.66
30.0 42.7 9.40
30.3 42.8 9.32
32.2 57.5 10.05
31.9 57.6 10.00
31.6 57.1 9.96
31.7 56.3 9.96
31.7 54.9 9.96
30.3 51.3 9.65
30.5 50.8 9.65
30.4 50.1 9.74
30.4 | 47.3 | 9.57
30.3 44.8 9.65
30.2 42.6 9.22
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Table 9. Data for Figure 18
; ; 4 .
m, My Tyi To Toi Tro P, X 107 [P X 10 AT St 5
kg/hr) | (kg/hr) (°c) (°C) (°c) (°C) (P,) (Py) (°c)

109 17.0 64.7 57.1 32.5 51.3 9.88 8.61 22.219.63 | 5.00
98 17.1 64.5 56.7 32.3 50.7 9.88 8.61 22.019.51 | 5.04
86 16.8 64.8 55.6 32.9 50.4 10.47 8.49 20.319.59 | 5.45
74 16.8 64.8 54.5 33.9 49.8 10.01 8.49 21.719.89 | 5.15

109 16.8 69.3 61.7 33.8 53.2 9.29 8.65 27.2(8.26 | 4.36
98 17.0 69.3 61.1 32.9 53.3 9.84 8.65 27.5)8.27 | 4.28
86 16.8 69.3 60.1 32.6 52.8 9.88 8.65 27.218.31 | 4.31
80 16.9 69.4 59.1 31.5 52.3 9.93 8.66 27.018.17 | 4.3
74 16.9 69.3 58.8 32.4 52.2 9.92 8.65 26.9]8.26 | 4.33
69 17.0 69.4 57.8 31.6 51.4 9.68 8.66 27.7 |1 8.14 | 4.25
63 16.9 69.3 57.1 32.2 51.1 9.92 8.65 26.7 | 8.30 | 4.37
62 17.3 68.9 55.6 30.6 49.6 10.24 8.59 24.918.07 | 4.70
58 16.7 68.9 55.4 32.3 49.8 9.53 8.64 27.3|8.39 | 4.34
58 17.0 68.8 55.2 31.4 48.8 9.87 8.60 25.918.06 | 4.52

109 17.0 76.0 67.9 32.2 57.5 10.05 8.61 | 34.6]6.97 | 3.69
98 16.9 76.3 67.4 31.9 57.6 10.00 8.61 34.9(7.00 | 3.63
86 16.8 75.9 66.2 31.6 57.1 9.96 8.61 3.6 7.05 | 3.63
74 16.9 76.4 64.8 31.7 56.3 9.96 8.61 34.9] 6.97 | 3.60
63 16.8 76.0 62.8 31.7 54.9 9.96 8.61 34.1[7.00 | 3.64
62 16.8 75.6 63.1 30.3 51.3 9.65 8.56 34.0{ 6.34 | 3.62
54 16.9 75.9 61.0 30.5 50.8 9.65 8.56 34.11 6.45 | 3.64
46 16.9 75.8 58.8 30.4 50.1 9.74 8.56 33.1| 6.61 | 3.69
58 16.3 68.8 54.0 32.7 49.0 10.25 8.64 24.7 | 8.54 | 4.84

LL



15.5
15.3
14.2
13.1
16.8

. 16.8.

16.8
16.9
16.9

NN O 000 WO

WA NOWOWN N~~~

Table 9.

32.
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(continued)
50.2 9.45
48.9 9.74
50.5 9.28
50.2 9.15
62.0 9.92
62.0 10.05
61.2 { 10.01
60.1 10.01
58.7 9.97
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Variable List 79

H(0.625)(hw/mR)(0.142)
R-113 flow rate

Water flow rate
Atmospheric pressure
Vessel pressure

Net heat lost from water
Stanton number

R-113 inlet temperature
R-113 outlet temperature
Water inlet temperature

Water outlet temperature

The difference between the water inlet temperature and the

R-113 saturation temperature
Pinch-point AT

The difference between the R-113 outlet temperature and the

R-113 saturation temperature

UA factor



APPENDIX V

DISCUSSION OF ERROR

This discussion will be concerned with the assessment of the
accuracy of the various quantities reported in this thesis. The
accuracy of the data obtained from the experimental apparatus as

determined by calibration is shown below:

Temperatures . . . . . . . . . . +0.1°
Water flow rate. . . . . . . . . + 1.5 liters/hr
R-113 flow rate. . . . . . . . . +0.2 liters/hr

To determine how these possible variations would extend to
the accuracy of the calculated quantities used in this paper (i.e.,
Qw, QR, UA, and ATp), the following data, corresponding to a typical

test, is used:

T, = 76.0 °C
To = 67.9°C
Tpq = 32.2 °C
Tpo = 575 °C
mw = 109 kg/hr
hR = 17 kg/hr

These values were changed by their possible variations in
such a manner as to produce the maximum error in the calculated

guantities. The results were recalculated using these new
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temperatures and flow rates. The results of this procedure are

shown below:

Absolute Error Relative Error
Qw 37 watts 5%
QR 14 watts 2%
UA 0.5 watts/°C 2%
ATp 0.2 1%
St 0.3 5%

These variations represent the maximum possible error for
the example data point. Since this is a typical data point, these
values of error also represent a reasonable approximation for esti-
mating the accuracy of the remaining data points reported in this

paper.
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