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by James L. Brown and William F. Quinn



INTRODUCTION



In any extensive hardening of underground defense installations, it is necessary to consider sealing off the entire installation from dependence on surface facilities. This consideration raises the problem of dissipating the power system's waste heat, which can represent a substantial thermal load, particularly forplants powered by nuclear energy. The common mode of heat rejection would probably be to the ground surface; however, the installation must function on a closed cycle system during and after an attack. This irriposes the requirement that' all waste heat must be contained and stored underground for some specified period of time. Prior analytical studies have considered the use of water, chilled water, chilled brine and rock as heat sink materials. 5 9 13 16 21 23 . Tllis report discusses an analytical and laboratory model study of an ice heat sink system;which is an attrac~ive concept owing to the large amount of heat associated with the phase change from ice to water. This system requires considerably less excavation than a chilled-water heat sink system. Another advant~ge of the ice sink is that the coolant water temperature tends t6 remain at a r~latively constant low level for' a prolonged· time during the early stages of the heat rejection cycle. Two concepts we.re considered for this study. One involves an ice cylinder· with several axial and parallel holes running through it; the coolant water flows through the holes from top to bottom. In the other coolant water is evenly distributed over the upper surface of the ice cylinder and flows down an annular space· between· the sinkw~ll and the cylinder. 14 J\ mathematica.l study of the multiple-hole concept was reported in a USA CRREL Technical Note. 1 The study reported in ref 14 indicated that the annular flow pattern was most attractive from a heat transfer standpoint. It also obviates the need to maintain holes through the ice cylinder. . This report presents the results of a study of the performance characteristics of a scale model annular flow ice/water heatsink. The purpose of the study is to develop: I) an understanding of the flow processes and melting patterns in such a sink, 2) a mathematical procedure for predicting relationships between coolant water and heat rejection rates, 3) a validation of this procedure using a scaled experimental model, and 4) an assessment of the effect of water inlet manifold configurations. Heat sink configuration Most of the waste heat rejected to the heat sink is due to the inherent thermal inefficiency of typical po~er systems. Ofthe leading candidate power systems being considered, an overall thermal efficiency of 16-20% is typical; this means that for every 20 units of usable energy, 80 units of energy in the form of waste heat are developed. Other sources of rejected heat which must be accommodated are electronic cooling, air conditioning, etc.
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AN ANNULAR FLOW ICE-WATER MODEL HEAT SINK STUDY Flow Regulator



Power System - Steam



Pump



Figure 1. Heat sink flow scheme..



One propos_ed heat rejection system for a typical underground installation consists. of a steam condenser and t~ee ice/water heat sinks. The .steam condenser would condense steam exhaustiD;g frorn a power turbine with the rejected energy absorbed by water, flowing through the condenser. This coolant water would then reject its heat to the sinks by both melting the ice and heating the water. Relatively cool water would then be drawn from the heat sinks arid passed through the . ~ondenser, thereby completing the flow cycle (Fig. 1) .. Flow through the condenser and heat sinks would be regulated to optimize their operating conditions .. As visualized, typical heat rejection rates wo~ld be a mipimum of 26.7 X 6 Btu/h~ and c~ola11t . water flqw rates would be on the order of 4000. gal./~ln or. greater. The maximum allowable sink . water temperature has been set ·at 16(tF. The three heat sinks would be cylinders of ice 65ft in diameter and 110ft high. The concept considered in this_paper basica~y involves a huge ice cylinder floating a water-fllled tank. Hot water fro in the condenser would flow from the top into the annular space between the 'tank walls and the ice cylinder.
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Heat sink and power system interdependence · In attempting to ~v~luate the heat ~~jection system, i~ is important to n?te the interdependence of the installation's power and heat rejection systems. This interdept!ndenc.eis due to the following factors. 1. The pmyer system's thermal efficiency is infl1,1enced consi_derably by the coolant water the lower, the sin.k temperature,_the more efficient the pow~r system,



temperature~



2. The total heat rejeCtion rate to the_sink is obviously a funCtion of the power system's thermal efficiency. 3. The coolant flow rate through the sinks is determined by the desired power turbine e~aust . steam conditions, the condenser characteristics, the outlet temperature from the heat sink and the maximum pumping power available~ Although the heat rejection and mass flow rates for the p~opos~d system exhibit a strong dependence on sink temperature, the initial experimentatibn -wa~·design.ed for constant heat r~jection· and mass flow rates. This simplification permits a better giasp. ofthe fundamental characteristics . of the sink prior to introduction of operating complications. During a later stage of the experimental series, a test was conducted under stepped changes in the coolant water flow rate.
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THEORY To analyze the operating characteristics of an annular flow ice/water heat sink it is most practical to utilize a scale model of the device. But for this approach to be useful, the scale model must be made comparable to the prototype in~ quantitative manner. This may be done by either: 1) using scaling factors (dimensionless parameters), or 2) experimentally verifying a computative approach ·which can then be extended to the full-size prbtotype. The first alternative is simpler; however, the second is more acc~rate. Of course, results obtained using both techniques should tend to verify each other, giving us confidence in our ability to scale up the model results to a full-size prototype situation. Dimensionless parameters In the dimensionless parameter approach, the scaling factors are required to equate the prototype and the model both for dimensional considerations and for the relative contributions of the heat transfer and fluid flow phenomena involved. A detailed derivation of the stmilarity relationships is. presented in Appendix A. The following relationships must hold to p~rrriit ·c~mparative analyses of model and prototype performance. 1. The radius and radius to length ratios must be equivalent:



· (r0 /L) model = (r0 /L) proto



r



= initial radius of ice cylinder = radius at time 8



L



= initial length of ice cylinder.



where r0



2. The absolute temperatures must be comparable on a 1: 1 basis. . . . 3. The times must be equated: (8/8*Ymodel = (8/8*) prot~ .



.



time in which all ic.e has been melted and sink water ~as riseJ! ~o its maxir;num allowable temperature (T max).



where 8 *



4.. The heat rejec~ion ra~es are proper~y. sc~led: QR (model) QR (proto) where·· ~QR



(hconv A) model (hconv A) proto



= heat rejection rate to sink



hconv = surface heat transfer convective coefficient



A



= surface area of ice cylinder = 21rrL.
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The interrelationship between these scaling parameters results in the following equations:



QR (proto)



Wproto where W



(r 0 L)proto ·x (r 0 L) model.



(r 0 L) proto: X



= (ro L) model



QR (model)



Wmodel



= coolant water flow rate.



These equations establish the relation between heat rejection-rates, coolant water flow rates, and ice cylinder dimensional considerations. The relationships between a 65-ft-diam by 11O-ft-high prototype ice cylinder and the model used in this series of laboratory experiments are tabulated in Appendix A (page 25). .. Scaling· during the transient period can be a~complished by plotting Tin and ..Tout vs (8 /8 *)and (r/r 0 ) vs{0/8*). Tin is thecoolant water.temper~ture entering the heat sink and Tout is that exiting the sink. It should be realized that the curves must be identified as being applicable for a specific tlT (= Tin - Tout) application. Analytical-experimental verification method The use of dimensionless parameters is perhaps the simplest approach for extrapolating the experimental scale model results to predict full-size prototype performance parameters. But the most accurate approach for scaling up experimental results is to use experimentally generated data to validate the results of a computative numerical method based upon a theoretical model and ice boundary layer assumptions. The development of this method ispresented in the next section.



HEAT SINK MODEL



A brief explanation of the heat transfer- fluid flow model and the computer program is presented in this section; detailed analyses are given in AppendicesC-G. The annular flow ice/water heat sink consists of an ice block held in a cylindrical body of water. The block takes the general shape of a vertical cylinder and is tied down (in this particular concept) to eliminate any ice movement. As hot water is introduced at the top, the ice melts more rapidly in that region and the diameter of the ice block varies with height as well as time. The ice/water heat sink absorbs heat by concurrently melting the ice and raising the temperature of the water. The flow patterns that develop will determine ih large measure the proportion of heat absorbed by either of these processes. The flow pattern may be considered to consist of three regions (Fig. 2): · 1. The boundary layer along the vertical ice surfaces (C). 2. The "potential" flow region (B), a relatively quiescent body of water in which small-scale · turbulen·ce predominates. 3. Th~ ~orner regions (A, D) in which end effects ~reprevalent.
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Figure 2. Heat sink fluid flow patterns.



Boundary layer The boundary lay~r region has the most significance in establishing flow and heat transfer phenomena in the sink. This layer consists of a thin film of water which flows at relatively .high velocities compared to the relatively quiet potential flow region. The heat transfer which occurs is predomi-. nantly via natural convection to an essenti~ly vertical. surface. (See later discussion of observed flow patterns.) Some forced convection effects do occur near the top inlets. The heat transfer - fluid flow phenomena occurring in the boundary layer are complicated by the injection of meltwater into the boundary layer stream as the ice surface melts, and by the temperature stratification which occurs in the potential region. However, the results of Vanier 24 for laminar natural convective melt~ng of ice, and of Tkachev22 for turbulent natural convective melting may be used. Both Vanier and Tkachev found a minimum occurring in the heat transfer coefficient vs temperature relationships. This is the result of the maximum density which water attains at 4°C. Since the driving force for natural convection is the density variation with temperature it may be seen that the water density maximum at 4°C will have profound and complicated effects on the heat transfer relationshipobtained for natural convection in this temperature range. The essence of Vanier's and Tkachev's results is presented in more detail in Appendix C.
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Potential flow region The potential region comprises the bulk of the annular space between the sink walls and the ice surface. The water in this region absorbs heat through an increase of temperature with time. It should be noted that temperature stratification effects in this zone tend to complicate the description of flow occurring in the boundary layer region. This stratification results from: 1) the relatively hot water being introduced at the top, 2) heat transfer to the ice cylinder drawing heat from the potential region, and 3) density variation with temperature resulting in the cooler (heavier) water settling at a lower level. Corner regions The most complicated flow field occurs in the corner zones. These complex end effects result primarily from hot water entering at the top of the tank and the natural convective melting at the bottom of the ice cylinder. The hot water entering at the top was discharged from six inlets evenly spaced around the sink's periphery. Upon entering the sink each inlet stream converts to a downward flowing jet, causing forced convective melting at the top of the ice cylinder, directly beneath the inlets. Thus, a noncircular melting pattern emerges. Also arrangement of the inlet system causes an ice scouring pattern at the top of the ice cylinder which increases the surface area available for melting. Both these effects are favorable as they enhance heat transfer to the ice. A consideration of this thermal scouring effect is presented in Appendix D. Natural convective melting from beneath a horizontal ice surface has been examined by Yen;26 his studies indicate that the following equation applies: Nu



= 0.0804 Ra



1 /



3



•



Computer program Using the model presented above and the first law of thermodynamics, a computer program was developed to predict the sink's performance .. This program partitions the sink into numerous lengthwise segments, each having a specific ice cylinder radius and water temperature. The heat transfer rate to the ice in each segment is calculated in finite time intervals using the above heat transfer relationships and the calculated radius and water temperature for the segment. The rate of temperature increase was calculated using a finite difference the first law of thermodynamics (see Appendix E).



where hi,e



relation~hip



derived from



= temperature (F)abov~ freezing for the ith segment at time (J



M.e I,



mass of water in ith segment at time()



wi,o



flow rate through the ith segment at time()



Q.(} I,



heat transferred to ice in the ith segment at time().



As can be seen, this equation relies on variables stored from.calculations for prior times and for higher segments in the same time sequence. Thus, the progra!fl involves a lengthwise iteration downwards for each time step A().
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The total heat absorbed by each segment during a time period flO is calculated from the temperature rise and from the amount of ice melted. This bookkeeping procedure is followed for all the segments in a given time step, resulting in a calculated amount of heat being absorbed by the sink during the time period. This ,quaqtity is compared to the nominal heat rejection rate and on this criterion the iteration is either'rejected or accepted. If the results are acceptable, the calculation proceeds to the next time period. If rejected, a new iteration for the same time step is attempted with refined initial inputs {T 1 ,8 ). Through this iterative procedure the segment water temperature and ice cylinder radius relationships may be established under transient conditions. 1



In the region below the base of the ice cylinder, melting is not only inwards from the sides but also upwards from the bottom. The finite difference equation used to handle this situation is developed in Appendix E. The computer program flow chart is given in Appendix F and the computer program statements in Appendix G.



DESCRIPTION OF EXPERIMENT Equipment To best describe the experimental apparatus, a general understanding of the flow scheme is required' {Fig .. 3). The heat sink consists of an ice/water bath contained within a large upright cylindrical tank. The flow process involves draining cooled water from the tank at the bottom, pun1ping it through a rotometer and electric water heater, and finally reintroducing it into the.sink via an outlet system at the top. The equipment used in this study consists of three major components: 1) the heat sink, 2) the flow and power module, and 3) the instrumentation. The heat sink was a 6-ft-high, 4-ft-diam upright steel tank (Fig. 4). The tank was mounted on four 1~-ft legs so that the bottom would be accessible. Approximately 200ft of% -in.-00 copper tubing was spirally wrapped around the vertical outside walls. The spacing between the copper tubing coils was 6 in. or less. Cold brine was circulated through the tubing to freeze the water in the ·tank. Heat transfer from the tank to the tubing was increased through the use of Zeston Z-50 heat transfer cement.



Heat Sin~.k'Power Module~



Electric Heo.ter



Module



Drain Rotameter



Bypass Pump



Figure 3. Schematic of experiment.
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Figure 4. Model heat sink.



Two different.refrigeration systems were used to provide the brine. Initially, CRREL's -73°F (nominal) trichloroethylene syste~ was used .. This system provided approximately -45°F refrigerant at 85 - 110 psig to the inlet of th~ sink's copper tubirig system. The outlet (return line) pressure was about 75 - 85 psig. Two valves.'controlled the refrigerant flo~. Unfortuna_tely, after several tests the refrigeration plant suffered a m'aJor breakdown. A portable refrigeration system, having an ethylene glycol -water solution as the ~rine, was used throughout the .shutdown peri9d. The portable system provided a minimum of -30° to ~35°F refrigerant. Thermostatic control permitted higher refrigerant :temper~tures, specifically 32°F during warm-up of the ice to the freezing point prior to in!~iation of the experiment. In order to melt a small annulus at the start of a test, seven 450:watt heat ·~apes were ~pirally wrapped around the sides and bottom of the tank.. · The tank was insulated with 3~-in.-thick roll-type Fiberglas insulation wrapped around the vertical surfaces and 3-in.-thick Styrofoam sheets fixed firmly against the bottom. The Styrofoam provided its own vapor barrier; however, black polyethylene sheeting was wrapped over the Fiberglas insulation
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for moisture-proofing. All exterior plumbing was insulated with Fiberglas pipe insulation. The effectiveness of the tank insulation was demonstrated during the refrigeration system breakdown. When the system broke down, the tank was almost completely frozen. Approximately one month later ice was still present in the tank. Careful mea··surements made during this month indicated a heat flux ·into the sink of 622 Btu/hr; this is approximately equivalent to an overall heat transfer coefficient of 0.1.74 Btu/ hr ft 2 •



a.



-----------



b.



Figure 5. Effect of inlet system upon melting geometry.



A plywood cover 48 in. in diameter was installed on the tank to reduce evaporation losges and heat gain to the sink, as well as to provide structural support for assorted equipment. Two 4-in. holes were cut in the cover and Plexiglas windows installed. Two lights were placed near these holes to illuminate the interior of the tank for visual examination of the ice erosion taking place; these lights were normally off. Two viewports with Plexiglas windows were co,nstructed in the vertical surface of the tank. These were 8 in. in diameter and were 2. ft and 4 ft from the bottom of the· tank, placed one above the other. These viewports afforded a wide, though incomplete, view of the interior of the tank. These viewports were normally covered with insulation.



An air-bubbling· system was inserted at the base of each viewport to prevent the windows from cracking due to volumetric expansion during freeze-up. In addition, air was bubbled along the centerline axis of the tank to ensure that as the ice froze inwards from the bottom and sides the water displaced by expansion could rise to the top freewater surface.



Various header schemes were us~d in an attempt to determine the optimum method for introducing the incoming coolant water. Initially, the water was routed through a hole in the center of the wood cover, with a tee used as an outlet (Fig. Sa). Unfortunately, this very simple header system resulted in the formation of a pond of meltwater in the center of the top of the cylinder. The primary objection to the formation of this pond was the uneven erosion of the ice and the resultant instability. The shift of the center of gravity of the ice cylinder cau&ed it to list heavily to one side. The random melt patterns and possible problems with restraining an ice cylinder having a widely varying center of gravity for the full-size prototype of a 100-ft-tall, 60-ft-diam cylinder of ice listing heavily to one side spurred the development of the other header systems. It was felt that this uncontrolled listing behavior counteracted any thermal benefit derived in exposing additional ice surface to the coolant water flow. The header system which was eventually selected (Fig. Sb) utilized six outlets evenly spaced . around the periphery of the tank so that the hot water was directed into the annulus between the ice cylinder and the tank walls. Six outlets were arranged in an attempt to introduce the hot water into the annulus in a reasonably uniform pattern. Even with six outlets, the ice cylinder melted
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AN ANNULAR FLOW ICE-WATER MODEL HEAT SINK STUDY unevenly; however, the melting was of a "point of introduction" variety which created a star-like shape at the top (Fig. Sb ). This proved desirable as it resulted in more surface area being available for heat transfer without the large shift in center of gravity that occurred with the center outlet header system. The large, rather cumbersome ice cylinder was anchored during the test to prevent free movement. A freely floating ice cylinder in the tank might conceivably have caused some form of damage to the headers or instrumentation. Anchorage was provided by tying a rope to a tiedown welded to the center of the tank bottom. Three boards were tied to the rope at regular intervals and this anchor system was then frozen in place. Water was circulated by pumping it from a drain hole in the bottom of the tank to the header system above the ice block. The flow and power module consisted of a rotary pump driven by a variable speed ~-hp DC motor, a high accuracy rotameter (0- 6 gal/min), a 6-kw electric water heater (with powerstat control) and attendant plumbing within a single steel framework.



The primary parameters monitored throughout the test were temperature, flow rate, heat input and ice cylinder size. The changing ice cylinder size was measured by four lh-in. stainless steel Figure 6. Location of thermocouples. rods projecting through holes in the tank walls. The four rods were located at 24- and 48-in. heights and were diametrically opposed. The gross rate of ice melting was determined by measuring changes in the water level. As the ice melted, the water level dropped due to the difference in density of ice and water. Water level measurements were used to check predicted total melting time. Heat input from the water heater was measured using a Rustrack AC wattage chart recorder. The water was heated not only by the heater, but also by heat transfer to the water in the pipes and frictional heating at the pump. With the immersion heating element off and the water in circulation, water temperature rises of between 3° and 7°F were recorded, depending on the flow rate. Thus, the watt recorder indicated changes in heat input, but did not directly monitor total heat input to the sink. Total heat input was obtained through calculations involving flow rate and average temperature drop through the sink. As noted earlier, the flow rate was measured using a ~otometer. Temperatures were recorded using 15 copper-constantan thermocouples placed throughout the sink (Fig. 6) and connected to a Speedomax chart recorder. The temperature readings thus obtained, when corrected for pap~r shift in the recorder, zeroing of the range card, etc., are felt to be accurate to within ± 1oF. Other instruments were inserted into the sink with an instrument probe support
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Figure 7. Instrument probe system.



system (Fig. 7). These instruments were used to measure local temperatures and to introduce colored dye into the flowing water. A dye solution was inserted into the sink using a drawn glass tube and the instrument probe support system. The dye consisted of a trichloroethylene and kerosene solution proportioned to match the density of the water in the tank. Dyestuff was added to achieve a red color. The dye solution (insoluble in water) made the flow patterns in the sink visible. Test procedure The procedure used for the individual tests varied slightly in detail; however, a typical test procedure can be described. The tank was drained of the water used in the previous test, which was at about 90°F, and refilled with cool tap water (approximately 480 gal. at 45°F). This provided an opportunity to flush the pipes of rust;etc., and also shortened freezing time slightly. While the tank was filling up, the cold refrigerant (-45° for trichloroethylene or -20°F for alcohol-water) was started through the tank coils. Complete freezing took about 5 days using CRREL's main refrigeration plant, and about 21 days using the portable plant. Upon completion of freezing a rather large temperature gradient existed between the center and walls of the tank; the center was then just frozen at 32°F while the wall temperature was at -30°F. In order to reduce the freeze-up time using the portable unit, and as an adjunct study, a variation in the freezing technique was studied. Twenty-pound blocks of ice were dropped into the tank through an opening in the top. A total of 1800 lb of ice was added to a layer of water 1 ft deep. Water was then sprayed into the tank to fill the voids and complete freezing was accomplished using the portable refrigeration system. Using this technique the time required for freezing was reduced from 21· days to 15 days.
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In order to bring the temperature of the ice throughout the tank to nearly 32°F, heat t~pes were turned on after freeze-up was completed. When the portable refrigeration unit was being used, the thermostat control was set so that 32°F brine was delivered to the tank coils. Approximately 30 hours later (during 20 hours of which the heat tapes were off), the average ice temperature was 25° F or higher. At this time the test was initiated. After the proper water flow rate was set, the electric water heater was turned on. Using a powerstat control, the power input was varied until the proper temperature drop (AT =,Tin - Tout) was attained. Initial measurements of ice cylinder diameter and height were made. Approximately 35 to 40 hours were required to melt the ice completely. In the interim, ice diameter measurements were made periodically and a chart recorder monitored the temperatures throughout the sink. The test was continued after all th~ ice was melted until the outlet water reached room temperature. One test was continued until temperatures of 180°F were obtained.



TEST RESULTS Seven laboratory experiments were conducted covering a range of scaled heat rejection and water flow rates. The following table summarizes the test series: These tests will be discussed in detail in this section.



Nominal water flow rate (gal./min)



Nominal heat rejection rate (Btu/hr)



1.89



16,805



2



1.89



16,805



3



1.89



19,105



4



4.00



16,805



5



i.OO



16,805



6



1.89



8,402



7



1.00+(8/10)



16,805



Test



Flow patterns



•.



;



The technique utilized for flow visualization consisted of inserting dye droplets into the flow at sele,cted points. The movement of the .droplets was then observed through ·viewing ports in the side and top of the tank. Attempts to trace the dye droplet movements using time lapse photograph~ proved unsuccessful. Insertion of the dye into the potential flow region approximately 17 in. below the water surface resulted in the following typical observations: 1. Agitated movement of t.he droplets, indicated·a low level of turbulence in this regio~.



2.



Certain droplets were drawn close to the vertical ice surface, whereupon they began moving downward at a comparatively high velocity (estimated at 2.75 ft/min). After traveling downward for approximately 11 in. the droplets were ejected outward and started to drift upward._ This entrapment, downward movement, and ejection of the dye droplets indicated the existence of a thin



AN ANNULAR FLOW ICE-WATER MODEL HEAT SINK STUDY



13



boundary layer as recognized in the model. A gentle upward drift of the droplets in the potential flow region was also predicted by the model; however, this could have been the result of the dye droplets being slightly lighter than water. Observations of the dye droplet movements tended to confirm the existence of the potential flow (quasi-steady) and boundary layer regions as discussed previously. The only direct examination of the phenomena occurring in the corner regions consisted of visual examination of the melting shape. Only during the final stages of melting could the bottom surface be observed. However, it was fairly obvious that much of the ice was melted under conditions represented by natural convection to a horizontal surface heated from below. It is likely that during the initial melting stage some turbulent forced flow melting occurred at the bottom of the ice as all flow was directed to an outlet in the center of the tank base. The erosion of the ice at the top by the inlet stream indicated the turbulent mixing occurring in this zone (Appendix D). Indirect confirmation of the assumptions made in formulating the model was obtained by comparing the results of the computer program with the experimental results. General observations Before the specific test results are introduced it is worthwhile to note several general observations which pertain to all tests. The two most important sink parameters, flow rate and heat rejection rate, were particularly difficult to maintain at the desired constant values. This was due to varying voltage in the power line which operated the pump and water. heater. A change of 3.0% in line . voltage was observed during starting of other equipment in the laboratory. Long-term (10 hr and longer) drift of the voltage seemed to be less, about 2.0%. The water, while flowing outside the sink, was heated not only by the immersion heater but also by heat transferred through the pipes. During a control test with the heater turned off and water at approximately 40°F flowing through the exterior piping (1.89 gal./min) a temperature rise of 3°F was exhibited. This accounted for 17% of the total heat _rejected. At flow rates of 4 gal./ min and water at 34°F, a 7°F temperature rise occurred. Heat transferred through the pipes to the water would, of course, depend on the average temperature of the water, and the closer the water temperature to room temperature, the less heat transferred. Thus, a rise in water temperature would be equivalent in effect to a decrease in heat rejection rate; a constant rejection rate can be compensated by a corresponding decrease in power input to the water heater. Utilizing the temperature-time curves, the approximate time required to melt all the ice can be established. By proper manipulation of these data (Appendix B) it becomes possible to estimate the average heat rejection rate over most of the test. The results of this type of analysis indicated that approximately 5% error was experienced in control of the heat rejection rates during most of the tests.



.



The initial status of the sink was not considered. as having introduced any significant errors in the test resu_lts, except for one instance. In this instance the annulus was incompletely formed at the initiation of the test. Except for a very few points the ice 'cylinder was still clinging to the tank wall when the hot water started to flow through the sink. Because of this, the area for transfer of heat to the ice was very small. Therefore, most of the heat rejected to the sink was absorbed through heating the small amount of water that existed in the annulus, resulting in a temperature that was initially very high in comparison with what was predicted. After a full annulus had formed, however, the test results converged upon the predicted results. The average temperature in the ice at the onset of the test was always within 5°F of freezing, as several days were ordinarily allowed for the ice temperature to approach 32°F throughout the sink



14



AN ANNULAR FLOW ICE-WATER MODEL HEAT SINK STUDY



prior to starting the experiment". Most of the tests were initiated with the ice temperature throughout the sink above 30°F. The accuracy of the thermocouples and recorder combined is approximately± 1°F. Monitoring of the inlet temperatures and also the ice point reference of the recorder with thermistors reduced these errors in some instances. The inlet temperature thermocouple was placed directly in the inlet stream and is considered to have given accurate data. The outlet temperature thermocouple was somewhat harder to position. The final position chosen gave data that were representative of the outlet temperatures e.xcept for those early periods when the thermocouple was encapsulated by ice, and thus read 32° F. In such an instance another thermocouple located in the exterior plumbing was relied upon for the outlet temperatur·e afer a correction factor was applied. Tests 1 and 2 The first two tests were run using the nominal parameters selected for the stl;ldy, a heat rejection rate of 16,605 Btu/hr and a water flow rate of 1.89 gal./min. Two tests under identical conditions were deemed necessary to establish the repeatability of the experiment. The relationship between sink inlet and outlet temperature and time is shown in Figure 8a. In essence, three distinct zones occurred in this relationship: the first was a short-lived initial condition during which the coolant water temperature increased several degrees, the second was a relatively long-lived, stable condition in which the coolant temperature increased very slowly' and the third was a period of rapid and prolonged coolant temperature rise. The performance of the ice/water heat sink can be summarized quite simply. Initially, the bulk of the heat rejected to the sink was absorbed in heating the water in the annulus. After the annulus water had heated sufficiently (outlet temperature about 40°F) the heat rejected to the sink was absorbed almost entirely by melting of the ice cylinder; a very slight heating of the annulus water occurred during this phase. When the ice was nearly all melted the temperature of the sink began to rise abruptly. When all the ice had melted, the slope of the average bulk mixing cup tempe~ature of the sink became constant and was proportional to the heat rejection rate. The inlet and outlet tempe~ature curves varied somewhat from the average temperature curves depenclent on the temperature distribution in the sink. This distribution will be treated in detail during qiscussion of Test 5. The most interesting aspect of the sink's performance was the fact that the outlet water temperature stayed at approximately 40° - 50° F until substantially all of the ice melted, i.e. for more than 60% of the heat sink's anticipated lifetime. The fact that the outlet temperature ~tayed so low for so long indicated that an ice heat sink would be an excellent complement to the proposed power system, low sink temperatures implying, of course, high power system thermal efficiency. There appeared to .be reasonable agreement between the computed and measured results. The rate of temperature increase predicted in the computer solution during the major portion of the test was slightly greater than that measured; thfs indicates that the ice was melting more rapidly than predicted. Of the gross amount of heat;added to the sink, less heat was being used to increase the water temperature and more to melt ice than the computer model predicted. This ice melting occurred at a constant temperature of 32°F. Another indication of this effect is seen in Figure 8b in which the ice radius at the lower level (24 in.}was less than predicted by the model for Test 1.
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Figure 8. Tests 1 and 2. Sink temperature and ice cylinder size vs time. (Nominal flow rate- 1.89 gal./min, nominal heat ;ejection · rate- 16,805 Btu/hr.)



Test 3 Test 3 was conducted at a flow rate of 1.89 gal./min with the heat·rejection.rate at the maximum level (19,105 Btu/hr) obtainable with the immersion heater. The test results are given in Figure 9. The discrepan~y in the initial portion of the test was the result of different starting conditions in the test and the computer program. The experiment was begun with some of the ice still in contact with the tank wall; therefore, the heat transfer area was reduced significantly and more of the heat was absorbed by heating up the water than the numerical model predicted. Once the annulus had completely formed, the experimental and computer results began to converge.
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Figure 9. Test 3. Sink temperature vs time. (Nominal flow rate1.89 gal./min, nominal heat rejection rate- 19,105 Btu/hr.)
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a. Figure 10. Test 4. Sink temperature and ice cylinder size vs time. (Nominal flow rate- 4.00 gal./min, nomina/heat rejection rate - 16,805 Qtu/hr.)
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Figure 10 (con t 'd).



During the latter stages of the test, the predicted and measured rates of temperature change appeared to parallel each other. This indicated that the ice had melted and the heat input. rate in tl}e computer model was equivalent to that actually. used in the experiment.: The observation that the water temperatur~ rise occurred about three hours earlier than predicted could indicate that approximately 398lb (3 hr X 19,105 Btu/hr divided by 144 Btu/lb) less ice existed in the tank than was initially assumed in the computer solution. Test 4 The 4.00 gal./min, 16,805 Btu/hr computer results systematically predicted temperatures 2- 5°F higher than measured in Test 4 (Fig. lOa). In addition, the cylinder size given by the computer was larger at any given time than that in the actual test (Fig. lOb). This indicated that in the program insufficient heat was being transferred to the ice. Possibly this was the result of the area correction factor for inlet effects being too low for the average temperature {about 45°F) encountered in this test. As noted earlier, Appendix D discusses the mathematical procedure used to model the effect of thermal scour which occurs because of the incoming water streams issuing from the inlets above the ice cylinder. As noted in the appendices, it was felt that a more complete consideration of t~s scouring effect should include forced convective melting by the jet and the total coolant water flow rate through the sink. The flow rate of 4.00 gal./min was the highest used in this te.st series. Figure lOb also tends to indicate that the upper portion of the ic.e cylinder was melting much faster than anticipated by the computer solution. TestS Test 5 involved a relatively low coolant water flow rate of 1.00 gal./min and the more commonly used heat rejection rate of 16,805 Btu/hr (Fig. 11a and 11b). Initially, the computer program gave the inaccurate prediction that the inlet temperature would decrease before increasing to finally match the measured test temperature results. This reason for the predicted initial decrease was obvious when the computer printouts were examined. For the first hour, the uppermost segment was predicted to absorb 4975 Btu/hr, while the second segment absorbed only 1483 Btu/hr. The
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Figure 11. Test 5. Sink temperature and ice cylinder size vs time. (Nominal flow rate- 1.00 gal./min, nominal h~at rejection rate- 16,805 Btu/hr.)



second segment compared quite well with what was obtained for other computer runs. However, the first segment's heat absorption rates were too high a percentage (29.6%) of the. total heat rejected to the sink. Most of this heat absorbed in the first segment was due to ice melting (approximately 400 Btu/hr ). This implied that the area correction factor was much too high for the topmost segment; that is, it predicted much more scouring than actually took place during the early stages of the experiment. The temperature plateau which developed in the outlet temperature at about the
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Figure 12._ Test 5. Water temperature variations along centerline of tank.



43rd hour resulted from temperature stratification effects. The temperatures which occurred along the tank axis during this time are shown in Figure 12. Examination of this figure reveals that subsequent to all ice melting, it is possible for the inlet and outlet temperatures to remain constant while the sink continues to absorb heat. The rate of increase in the bulk mixing cup temperature determines the heat absorbed by the sink (assuming all ice is melted). However, as can be seen, the bulk mixing cup temperature may rise while the inlet and outlet temperatures remain approximately constant. Test 6 Test 6 represented a relatively low heat rejection rate of 8402.5 Btu/hr and the more commonly used flow rate of 1.89 gaL/min. The computer results (Fig. 13a and 13b) were quite compatible with the test results throughout the entire life of the sink-, although the predicted temperatures were, on the average, 1.5°F lower than the test results up to the 74th hour. At the 48th hour, the test was turned off for about 2.5 hr for photographic documentation purposes; this delayed the melting process and resulted in a later time for complete melting. Figure 13b also indicates good agreement between the predicted and measured shape of the ice cylinder.
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Figure 13. Test 6. Sink temperature and ice cylinder size vs time. (Nominal flow rate - 1.89 gal./min, nominal heat rejection rate - 8,402.5 Btu/hr.)



Test 7 Test 7 was conducted using a constant heat input of 16,805 Btu/hr and a variable flow rate (Fig·. 14a and 14b ). The rate was varied in a step-wise fashion intended to approximate the continuous variation with time used in a computer sitriulation of this test (Fig. 15). In addition, the initial portion of the test should be directly comparable to Test 5, since for the first 2* hr the nominal values of the flow rate and heat rejection rate were identical. Both the inlet and outlet temperatures of these two tests during this time span were within 2-3°F of each other, indicating that the temperatures obtained in the test were reliable, initially at least.
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Figure 14. Test 7. Sink temperature and ice cylinder size vs time. (Nominal flow rate - variable, nominal heat rejection rate - 16,805 Btu/hr.)



Five hours into the test, the inlet temperature results as given by the test and program (variable flow rate) achieved very good agreement. During the initial.period, however, there was a significant difference in the results. As mentioned previously, the Test 5 results tended to verify the inlet temperatures obtained in the variable flow rate test. This then brought the inlet temperature results given by the program into question. An examination of the Test 5 computer results for inlet temperature indicated that during the initial period of the test the computer results were as much as 7°F too low; this was in line with the predicted results being 10°F too low for the variable flow rate test. As noted in the discussion of Test 5, this discrepancy was attributed to the computer's prediction _that more scouring would occur than was actually found to be the case. Due to operating
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Figure 15. Test 7. Coolant water flow rate vs time.



difficulties, this test could not be taken' to completion. It appeared obvious that additional experimental results must be obtained to fully evaluate the ability of a computer model to account for variation in coolant water flow rates during a single test. Prototype simulation



To develop a quantitative feel for the temperature-time relationships that might develop for a prototype installation, a 65-ft-diam by II O-ft-high ice cylinder was simulated using the computer program. The heat rejection rate selected was 8.89 X I 0 6 Btu/hrwhich was held constant for outlet tet.!lperatures ~ 78.6°F. This rejection rate was selected on the basis of using three ice heat sinks and a total heat rejection load of 26.67 X I 0 6 Btu/hr. The temperature was selected as representing a threshold level above which the efficiency of the power plant decreased. Thus, for sink outlet temperatures (Tout) above 78.6°F, the following heat rejection equation was used:



Q = 8.89



X 10 6 [I



+



0.003I59 (Tout -



78.6)] Btu/hr.



The coolant water flow rate for outlet temperatures above 78.6°F was fixed at I333 gaL/min which represents a total pump capacity of 4000 gal./ min. For outlet temperatures below 78.6°F, the following flow rate equation was used:



W



=



I3.4 92- Tout



X 1333 gal./min.



The predicted results show a gradually increasing outlet. temperature and the complete melting of the ice in about 19 days with a total sink lifespan of 26 days (see Fig. 16a and I6b ).
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Figure 16. Simulated prototype. Sink temperature and ice cylinder size vs time (variable flow rate and variable heat rejection rate).



CONCLUSIONS The primary purpose of this study was to investigate the performance of a full-size annular flow ice/water heat sink through a scale model study. Performance characteristics of the model were · obtained by experiment and two techniques were evolved for scaling these results upward, with the major effort focused upon the validation of an analytical-experimental verification procedure. The computative procedure was complicated by the lack of a full quantitative understanding of the flow and melting patterns developed in the sink. Weak points in the program appear to exist in the subroutine controlling the bottommost segment and in appropriately taking into account the ice erosion patterns developed due to injection of the inlet water at various flow rates. The test results do validate the program's capability to predict the actual performance of an ice/ water heat sink on the scale at which the tests were performed. The firm theoretical basis from which the program was evolved lends confidence as to its potential use in predicting the performance of ice/water heat sinks of a much large·r scale. It should be noted that additional experimental verification is needed to adequately assess operating conditions involving variable heat rejection and coolant water flow rates under a single test situation. It can be concluded that this study provides a rational basis for the conceptual design of an underground waste heat. sink system utilizing ice. The system studied is a relatively simple one in which there is no need for any complex plumbing networks
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within the ice block. An appraisal of simplified inlet water configurations was also derived from this study. It is concluded that it is desirable to distribute water at the top periphery of the tank from at least six inlets to maintain a stable configuration for the ice block. As demonstrated by these tests, the ice/water system would not only absorb the heat at sufficiently high rates but also would maintain the temperature of the water returning to the power system's condenser at a low level for a rather long period of time. This is a particularly desirable feature of an ice/water heat sink as it: 1) provides for maximum thermal efficiency during the early and probably most critical stages of use, and 2) provides a relatively constant outlet sink temperature to the power plant heat exchanger, thus simplifying the overall utilization of the heat rejection system. LITERATURE CITED 1.



Becker, E. and J .L. Brown (1970) An investigatiol1 of a multiple-hole flow ice-water heat sink. U.S. Army Cold Regions Research and Engineering Laboratory (USA CRREL) Technical Note, January.



2.



Bird, R.B., W.E. Stewart and E.N. Lightfoot (1960) Transport phenomena. New York: Wiley.



3.



Brown, A.I. and S.M. Marcos (195 1) Introduction to heat transfer. New York: McGraw-Hill.



4. 5~



. Cheesewright, R. (1968) Turbulent natural convection from a vertical plane surface. Journal of Heat Transfer, February, p. 1. Dill, R.S. and B.A. Peavy (1956) Some observations on the use of underground reservoirs as heat sinks. National Bureau of Standards Report 4795, July.



6.



Eckert, E.R.G. and R.M; Drake (1959) Heat and mass transfer. 2nd ed., New York: McGraw-Hill.



7.



Eckert, E.R.G. and T .W. Jackson (195 1) Analysis of turbulent free-con.vection boundary layer on flat plate. NACA-TR-1015.



8.



Handbook of Engineering Sciences, vol. II (1967) ed. by Potter, p. 98, D.



9.



Hubbard, Frank R., III (1967) Tunnel condenser concept (U). CONFIDENTIAL. Nuclear Power Field Office, Ft. Belvoir, Virginia, August.



~an



Nostrand.



9a.



Jakob, M. (1949) Heat transfer. Vol. I, New York: John Wiley and Sons, Inc.



10.



Kelly, L.G. (1967) Handbook of numerical methods and applications. Addison-Wesley.



11.



Kreith, F. {1967) Principles of heat transfer. 2nd ed., Scranton, Pa.: International Textbook Co.



12.



McAdams, W.H. (1954) Heat transmission. New York: McGraw-Hill.



13.



Parson, Brinckenhoff, Hall and MacDonald (1958) Feasibility, study -icing of underground reservoirs (U). SECRET, February.



14.



Perham, Roscoe E. (1973) Model ice heat sink. USA CRREL Special Report 185, March.



15.



Physical Properties of Water (Chart) (1959) Chemical engineering. May 18, p. 240-241.



16.



Quinn, W.F. and M. Greenberg (1967) A study of the steam heat sink concept (U). SECRET, USA CRREL, November.



17.



Rohsenow, W.M. and H. Choi (1961) Heat, mass and mom.entum transfer. Englewood Cliffs, N.J.: Prentice-Hall.



18.



Saad, M.A. (1966) Thermodynamics for engineers. Englewood CUffs, N.J.:



19.



Schlichting, M. (1968) Boundary layer theory. 6th ed., New York: McGraw-Hill.



20.



Sparrow, E.M. and R.D. Cess (1961) Free convection with blowing or suction. Journal of Heat Transfer, August, p. 387-389.



21.



Tien, Chi (1960) Analysis of a sub-lee heat sink for cooling power plants. U.S. Army Snow, Ice, and Permafrost Research Establishment (USA SIPRE) Research Report 60,July. AD 696399.



22.



Tkachev, A.G., A.E.C. (1953) TR-3405, Translated from a publication of the State Power Preu, Moscow, Leningrad.



23.



U.S. Army Cold Regions Research and Engineering Laboratory (US~ CRREL) (1966) Studies of underground heat sink concept (U). SECRET, March, Draft Report.



Prentic~-Hall.



24.



Vanier, C.R. (1967) Free conveCtion melting of lee. M.S. Thesis, Syracuse Univ., N.Y.



25.



Vliet, G.C. and C.K. Liu (1969) An experimental study of turbulent natural convection boundary layers. Journal of Heat Transfer, November, p. S17-5 31.



2·6.



Yen, Yin-Chao (1969) On the effect of density inversion on natural convection in a melted water-layer. Chemical Engineering, Symposium Series;vol. 65. no. 92, p. 245-253.



25



APPENDIX A. HEAT SINK SCALING AND SIMILARITY RELATIONSIDPS ' \ . t· . • -·I "•' 1\ ~ ~··



ol . ; '



"~''



i-



\



'



\ ~.



Dimensional scaling The dimensional scaling is relatively straightforward. Quite simply, for the prototype and model to be comparable:



(r/r o>model = (r/r o)proto where r0 = the initial radius of the ice cylinder r = the radius at comparable times



L = the initi.allength of the ice cylinder. Temperature scaling Heat is transferred to the ice by the effect of natural convection which, particularly for water, is highly dependent on both temperature difference and absolute temperature. This dependence is due to the density-temperature relationship of water which exhibits a maximum value at 4°C. Since the heat transfer process is so highly dependent on temperature, the temperatures of the model and the prototype must be directly equivalent. Thus,



T model = T proto and



ATmodel



=



ATproto·



Heat transfer scaling For the heat transfer phenomena in the model to be comparable to those of the prototype, the relative effects of the various modes of heat transfer and storage must be equated. In this particular ~tudy, heat is absorbed in the heat sink by two methods: I) heating of the water in the sink, Qw; and 2) melting of the ice, thereby utilizing its latent heat,.Qm. Thus, the total heat rejected to the sink (QR) up to a given point in time is:



This allows for the formulation of a "heat storage" parameter
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And for the prototype and model to be comparable



We have a requirement that the heat rejection rates must be related. Thus the percentage of heat rejected through melting must be comparable for the model and prototype. Thus,



or Qm(model)



QR(model)



Qm(proto)



QR(proto)



Now



where hconv



A TB



connecting heat transfer coefficient surface area of ice bulk water temperature.



Thus QR(model)



(hconv A~ T)model



QR(proto)



(hconv



"



A ~ T)proto



As noted above, the temperatures must remain equivalent, thus QR(model)



(hconv A)model



{hconv r L )model



QR(proto)



{hconv A )proto



{hconv r L )proto



0



0



0



0



For turbulent flow, hconv is independent of size, thus:



hconv(mo~el) ~ hconv(proto)



0



These scaling relationships can now be summarized.
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For the general case: QR{model)



(hconv A )model



QR(proto)



(hconv A )proto



For the turbulent case: QR{model)



=



Amodel



A proto



QR(proto)



where A = 2rrrL. A means· for scaling the time factor must now be derived. For this case, the percentage of total heat absorbed must be equal for equivalently scaled times. Thus



where QTC is the total heat absorbing capacity of the heat sink system. Assuming that heat is rejected at a constant rate, the coolant water flows at constant volume, and the initial sink consists solely of ice, the following relationship holds:



where



AT ATmax



W Cp



= constant temperature difference across the sink, Tin- Tout



= maximum allowable sink temperature (Tmax) minus 32°F =



mass flow rate, lbm/hr



= specific heat of water, 1.0 Btu/lb °F



Msink ::;



mass, lb



H = latent heat of fusion, 144 Btu/lb m



(} · =



time, m.



For comparable cases( of model vs prototype) the temperatures AT and T max are equal. Thus, since (Nq)model



(Nq)proto



we may obtain



(J.i:Jmodel



=



(~:Jproto.



We note that this is the same result as would be obtained by considering that the percentage of total m~ss circulated through the sink at equivalent times must be comparable. Thus
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It should be noted that this result is also obtainable from the "storage" parameter:



where Qm = (2rrrL)pH; p = density of ice, lbm/cu ft



r = dr/d8.



Thus



For the model and prototype to be considered equivalent Ns(model)



= Ns(proto) ·



Thus, eliminating equivalent terms,



Now consider dr r. = d8 . It is essential that a dimensionless time factor be formed if equivalent time scaling is to exist.



(:. todel



= (:. ) proto



where 8 • = time in which all ice will be melted and sink water is brought to its maximum allowable temperature (Tmax).



o• = Msink (H +CPTmax) QR Thus



APPENDIX A where r0



initial ice cy lin de r radius



r



instantaneous radius at time 8.



Now



when



(e /8 *)proto



(f)/ f)* )model ·thus



d(r/r 0 ) ] [ d(fJ /8 *) model



_



[



d(rjr 0 ) ] d(f) /8 *)



proto



This result is used in obtaining



~ · [L(~ ro) (~:) =



~ · [ L (~ ·



r0 )



•



d(r/r 0 ) ] d(fJ/8*)



0 (: ,)



_



model



d(r/r 0 ) ] d( f) /8 *)



proto



Canceling equivalent terms



(Lr2) \ weo*



(Lr2 )



model =



\-w;



*



proto



which becomes the same result as obtained above when inv~rted and multiplied by rrpice=



we*) (-x:r-



model



(we·)



= ~



proto .



Summary of dimensional and heat



trans~er



similarities



Based upon the above discussion when the following series of requirements are followed, the scale model and prototype are comparable: a. Temperature scaling:



!:l.T model = !:l.T



=



!:l.Tproto



Tin - Tout



T model = T proto·
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b. Dimensional scaling:



(r/r o)model



=



(r/r o)proto



(ro/L)model = (ro/L)proto



c. Time scaling: (eje*)model = (eje*)proto ·



d. Heat rejection rate scaling:



·A )model



QR(model)



(hconv



QR(proto)



(hconv · A )proto



A = 2rrrL.



Dynamic similarity In addition to dimensional and heat transfer similarity, a requirement for dynamic similarity must be held. As long as the boundary layer thickness 8 is assumed to be small with respect to the annular clearance then the effects of the flow pattern on scaling factors may be considered negligible. Thus, the only dynamic similarity required has already been met. In other words, the percentage of the total sink mass which is circulated in both the model and prototype is the same:



we*) (--x;r-



_ (we*) ---x;r-



model -



proto .



· Extrapoiation·to ·the prototype may be accomplished by plotting Tin and Tout vs (e je*),~nd (r/r 0 ) vs·(eje*);.these relationships are applicable for a specific !lT(Tin- Tout) condition.- The time scale is established by selection of the flow rate (W/M):



e• = Msink (H + CP Tmax) = Msink (H +CPTmax) WCP!lT



Thus



e•{model) e• (proto) Now



so



=



,QR.
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()*(model) ()*(proto)



(r~ L )model QR(proto) (r~ L )proto Q R(model) since



QR(proto)



=



QR(model)



(hconv A)proto



(hconv ·



21TroL)proto



(hconvA)model



(hconv ·



21TroL)model



The following relationship holds between model and prototype for the initial sink radius rel~tive to the total useful sink life:



()*(model)



(r~ L )model



()*(proto)



(r~ L )proto (h conv ro L )ffiodel



=



(hconv ro



L )proto



'o(model) hconv(proto)



ro(prot~) h conv(model) As noted previously for turbulent flow, hconv is independent of size, thus: h conv(proto)



= hcnv(model) ·



It should be recognized that for a scale model test experiencing laminar flow, any extrapolation to a large size sink undergoing turbulent heat transfer will result in conservative estimates of coolant water heating rates. Turbulent flow will induce greater mixing and will thus,produce higher heat transfer coefficients (highe·r Nusselt numbers). The point here is that experimental results obtained under laminar flow will, when extrapolated to a'large sink, tend to err on the conservative side under the similarity relations derived above. Thus



o* (model)



'o(model)



O*(model)



'(proto)



and



(;



R(proto)



= (ro L)proto Q (r o L)model



also



R(model)
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3.2



wo*) (



_(we*\



Jlf sink model -



wpwto



\M



sink/proto



~(M,;::)moctet('f~;~k) P'"'" wmodet - ( 'o )



M ~nk model



_( r0 ) -21T ro L



-



=



(ro



(/l1..,ink) wmodel ro proto



(n r~



·



L ).



~



ro



model



·



wmodel



proto



L)proto



('o L) model W model'



Using the above relationships the dimensional, heat transfer and dynamic similarities are sa tis· fied. For the series of experiments conducted in this study, the following table provides a comparison between the scale model having a diameter of 4ft and a height of 5.75 ft and a prototype sink having a diameter of 65 ft and a height of 11 0 ft.



Model



QR Test



(Btu/hr)



16805 16805 19105 16805 16805 . 8402 16805 -



2 3 4 5 6 7



PrototE_e.e



w



QR



(gal./min)



1.89 1.89 1.89 4.00· 1.00 1.89 I.OO+(e I 1o)



(Btu/hr)



5.22X 10 6 588 5.22 588 5.95 588 5.22 1242· 5.22 311 2.61 588 . 311 [ 1+( eIe; )(e~ I 1o) 1 5.22



Example (Test 1 ):



·



Q R(proto) =



Wproto



w (gal./min)



32.5 X 110 X 16805 2 X 5.75



= 311



X 16805 = 5.22 X 10 6 Btu/hr



= 311



X 1.89



= 588 gaL/min.



33



APPENDIX 8: DETERMINATION OF AVERAGE HEAT REJECTION RATES The heat rejection rate is one of the primary test variables. Its nominal value is established by consideration of the water flow rate and the temperature drop through the sink, i.e.



As a check on any variation in the nominal rate during the experiment, it is desirable to establish its overall average value throughout the entire test. This average heat rejection rate may be determined from the difference in the total amount of energy in the tank at two times: 1) at the start of the test (8 = 0) and 2) at some arbitrarily selected time (8 1 ) after the ice block has completely melted. Using water at 32°F as a reference, assuming the initial temperature throughout the sink is 32°F and taking into account the latent heat of melting, the heat stored in the sink at these two times is established by the following equations:



Q 6=0 =



[(M



water



+~ce )6=0 ( CP AT+ 2gV2 +....£.. c



Kc



z) ]



-Mice = H



6=0



6 0



where AT is the temperature above freezing which for the initial condition equals zero, thus:



and



where AT8 is the bulk mixing cup temperature of the sink water above freezing. 1



.



The average heat rejection rate to the sink is:



.
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M



=



"~ater 0



8.1 + Mtceo=o H



~T,



1



A method for estimating the initial ice mass is given by the relationship:



where .1 =average initial annulus width Llnitial= height of ice column at 0 = 0 ZB =estimated thickness of water layer below the ice block at time 0 = 0. Table BI gives measured water levels and initial annulus widths for each experiment. Table BII presents ice masses and melting times used to establish nominal heat rejection rates. Another, less accurate, technique for determining these nominal rates is to establish the rate of temperature rise after all ice has been melted: Q. -- M water C p .1T ~(}



·



Because of temperature stratification effects, rates predicted by this method are questionable as the bulk mixing cup temperature differs from the arithmetic average of the inlet and outlet temperatures (see Fig. lie). As shown in Table BII, using the more reliable Q average heat rejection rates res·ults in a variation ranging between ±10%with an absolute average of about 5%. In addition to estimating the initial ice mass from initial annulus measurements, including the region free of ice at th~ bottom of the tank, and the initial ice height measurements, the ice mass can also be determined by comparing the initial (h) and final (hr) water level heights. This method applies for completely submerged ice cylinders and considers the change in density associated with a phase change. The appropriate relationship is: = Pw 1T r'ij(hr -hi)



l _Pw Pi and



Results of ice mass estimation from both annular measurements and from final and initial water heights are given in Table BII. These two methods may be used as a dual check on the ice mass existing at the start of the test.
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Table 81. Water heights and initial annulus widths.



Onominal Annular se_ace1 *in. (initiall Test (gal.jmin) (Btujhr) No.1 No.2 No.3 No.4 Computer



2 3 4 5 6 7



1.89 1.89 1.89 4.00 1.00 1.89 Variable



16,805 16,805 19,105 16,805 16,805 8,402.5 16,805



1.86



1.10



0.60 0.43



2.43 1.52



0.06 0.95



1.36



0.77



0.75



0.54



0.24 0.27



0.9 0.79



0.76



0.48 0.48 0.48 0.48 0.24 0.48 0.24



Water level (in.l Experiment Computer h; . hi hr hr -61.4 66.4 67.35 62.4 62.8 58.84 >62.55 60.5 61.75 
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Figure C3. Average Nusselt values for 10.2 c~ vertical plates (natural convection in wa_ter) (Vanier).
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Figure C4. Co"elation of the heat transfer coefficient with water temperature during melting of ice (after Tkachev }. An equation'selected for use in this study and.wbich was derived from the iresults depicted on Figure cs is Nu = 0.15(Gr Pr) 113



Gr Pr> 109 •



This equation follows the commonly accepted form for turbulent natural convection heat trans. fer to a vertical non-melting plate: 3 6
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Nu=0.15Ra/'3 used by



J. Brown 2.5.-------.-------.-------~or---~~~/~----~



( •) Tkachev (o)Carnes (l:.) Jakob



2.0 log 10 (Nul 1.5 Gr0 is Grashof number based on diameter. Gr



is Grashof number based on length.



Figure C5. Nusselt correlation for turbulent natural convection to vertical ice cylinder (after Tkachev ).



Nu = C(Gr Pr) 113 • Many sources



c



3 12 17



give a value for the constant in the equation above of



= 0.13



1 4°C). The effects of melting and of the density-temperature relationship of water account for approximately a 12% reduction in the heat transfer coefficient (Fig. C4). Although Vliet and Liu's results are somewhat relevant to this study, it is Tkachev's results that will be used for the instance when turbulent natural convection occurs. Corner regions The end effects perhaps lend the greatest complexity to the description of the flow field. The end effects include: I) the hot water entering at the top of the tank, 2) the natural convective melting below the bottom of the ice cylinder, 3) the amount of water drained out at the bottom, which is less than the amount of cool water entrained in the boundary layer at the bottom of the vertical ice cylinder. Thus, the excess water is sent upwards from the bottom regio.n into the potential flow region. This effect has already been discussed. The manner in which the hot water enters the sink at the top is quite important in 'determining whether the cylindricality of the ice is maintained. In some of the test runs the water was introduced into the sink by means of a six-inlet header system which was placed close to the tank wall and located evenly and symmetrically around the annular space inside the tank. This inlet scheme
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Table CI. Average Nusselt numbers for wall temperature (Tw) at 0°C, based on a plate height of 10.2 em. (From Vanier 24 ). Too



oc



0.2 0.6 1.6 2.6 3.6 4.0 4.2 4.4 4.6 4.7 6.0 8.0 10.0 12.0 24.0 16.0 18.0 20.0



NNu



NNu



(no melting)



(melting)



17.22 22.23 26.82 28.09 27.11 26.32 25.60 24.69 23.46 22.61 22.62 36.38 44.48 50.99 56.63 61.67 66.26 70.51



17.2 22.1 26.5 27.6 26.5



24.0 22.8 22.0 21.5 34.4 41.6 47.1 51.6 55.6 59.0 62.1



resulted in a "point of introduction" effect which caused local gouging in the top of the ice cylinder. The net result was that the ice cylinder lost its cylindrical shape·near the top; thus more ice melted due to the additional heat transfer . 
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