
COLORADO STATE UNIVERSITY PROGRAM FOR 

DEVELOPING, TESTING, EVALUATING 

AND OPTIMIZING 

SOLAR. HEATING SYSTEMS 

PROJECT STATUS REPORT FOR THE MONTHS OF 

OCTOBER AND NOVEMBER 1995 

Prepared for the 

U.S. Department of Energy 
Conservation and Renewable Energy 
Under Grant DE-FG36-95G010093 

Submitted by 

SOLAR ENERGY APPLICATIONS LABORATORY . 
COLORADO STATE UNIVERSITY 

t 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images ate 
produced from the best available original 
document. 

I 



UNIQUE SOLAR SYSTEM COMPONENTS 

INTEGRATED TANWHEAT EXCHANGER MODELINGEXPERIMENTS 

As noted in previous reports, we have decided to commit to using TRNSYS 14 for the 
development of a new wrap-around heat exchanger/tank model. The failing health of our DEC 
5000 and discrepancies between the results produced by the DEC 5000's fortran compiler and 
the Microsoft Powerstation fortran compiler on our PC's (see AUG/SEP 1995 Progress Report) 
have prompted a decision to.move the development of future wrap-around heat exchanger tank 
models to the PC. As a first step, a set of data manipulation utility programs has been written 
using the PERL programming language have been ported to the PC. These PERL language 
programs and scripts have proven very useful in automating the process of reducing experimental 
data, updating the corresponding TRNSYS simulation decks and normalizing the simulation 
results to the experimental data. . .  

The most recent version of the "old" CSU wrap-around heat exchanger model using the new 
version of the TRNSYS Type4 Thermal Storage Tank Model developed by B. J. Newton (1995) 
at the University of Wisconsin for TRNSYS 14 has not yet been tested. Jeff Miller is currently 
focusing most of his efforts on completing the literature review chapters for his dissertation. 
Final documentation of all of experimental results obtained to date is waiting on the completion 
of the new version of the wraparound tank model. 
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RATING AND CERTIFICATION OF DOMESTIC WATER 
HEATING SYSTEMS 

OctoberMovember 1995 

A paper accepted for the 1996 International Solar Energy Conference in San Antonio, Texas has 
been completed and the final version is included here. 

Current work involves moving the tank-in-tank heat exchanger portion of the system under 
investigation indoors for fbrther testing. The portable testing apparatus described in the AprivMay, 
1995 Progress Report will be used for the tests. An attempt is being made to obtain the same results 
presented in the attached paper using a much simpler method. By outlining a simple and relatively fast 
method to arrive at the same results, system simulations of thermosyphon solar domestic hot water 
systems may be performed expeditiously and more accurately. This should simplirjr the rating and 
certification of such systems. . 



A SYSTEMATIC APPROACH TO IMPROVING THERMOSYPHON 
SDHW MODEL PERFORMANCE 

Todd N. Swift Jeffrey k Miller Douglas C. Hittle 
Colorado State University 

Solar Energy Applications Laboratory 
Fort Collins, Colorado 

ABSTRACT 
A systematic procedure is used to calibrate a computer model of a 

thmosyphoning, solar domestic hot water heating system with a tank-in- 
tankheatexchangerusing data from an indoor solar simulator experimental 
performance test. Excellent agreement with the experimental collector 
useful energy gain and the energy delivered during a draw is achieved by 
ensuring that the model gives an accurate prediction of the temporal history 
of both the system flow rates and temperatures. The calibrated simulation 
model is then compared to two additional oneday outdoor tests. Simulation 
accuracy is greatly improved and confidence in an annual performance 
prediction is increased. 

INTRODUCTION 
The simulation of solar domestic hot water (SDHW) system. 

performance is important to enable efficient and reliable energy saving 
predictions. The Solar Rating and Certification Corporation (SRCC) has 
chosen to use the TRNSYS (1992) simulation software to rate SDHW 
systems sold in the United States under its OG300 Protocol (Solar Rating 
62 Certification Corporation, 1995). These ratings are used by utilities, 
governmental agencies, and consumers to evaluate the thermal and 
economic value of d i f f m t  systems. Thus, ensuring that simulated 
performance matches experimental results is an important and ongoing area 
of research (Burch 1993). 

Model development and calibration becomes especially difficult for 
thermosyphon S D W  systems. The performance of these systems is 
dependent on the complexthermal interaction between the collector and the 
combination of heat exchanger and thermal storage tank which determines 
the thcrmosyphon flow rate at various operating coiditions. This makes 
simulation of these systems more complex than constant flow rate pumped 
systems. Several sources of modeling uncertainties can bc identified. Fmt, 
thc flow in thc colkctor loop is typically laminar. Pressure drops due to pipe 
fittings and developing flow art significant and must be taken into account 
(Momison and Ranatunga, 198O).As a result, accurate estimation of friction 
loss coeDGcients in thcrmosyphon systems is difficult and largely uncertain. 
Second, the heat exchanger is integrated with the storage tank Natural 

. 

convection driven flows on both sides of the heat exchanger make the 
performance of the combined system extremely difficult to model. These 
combinations of heat exchanger and tank have not been studied.as 
extensively as in forced flow situations. Finally, vertical temperature 
stratification in horizontal tanks is not as well understood as it is in vertical 
tanks and has a major effect on both collector inlet temperature and 
thermosyphon flow rate (Morrison and Braun, 1985). Tank destratification 
due to conduction between the fluid layers and in the tank wall is simulated 
in the current model, but destratification due to convective mixing in the 
tank, likely more significant than that due to conduction, is not currently 
modeled. 

BACKGROUND 
Bickford and Hittle (1995) recently reported experimental 

measurements on the performance of a thermosyphon SDHW system with 
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Figure 1. Thermosyphon System Overview 



an annular tank-in-tank heat exchanger along with compkons of their 
experimental results with predictions using a TRNSYS simulation model. 
The p d c k d  total energy delivered by the collector agrctd reawnably well 
with the experiment, however, the total energy delived to the load was 
much largerthan mearrund The results of their comparison arc summariztd 
below. 

The experiments were performed using the indoor solar simulator at 
the Solar Energy Applications Laboratory (SEAL) at Colorado State 
University. The solar simulator is a unique facility that allows for full-size 
SDHW systems to be tested under constant irradiation conditions over 
extended periods of time (Kenny, 1993). 

Figure 1 is a schematic of tht thermosyphon SDHW system tested. 
a s r j t e m w a s f w -  tcd with special-limit., T-type thermocouples 
to measure the fluid temperatures (* 03'C). A low-pressuredrop Coriolis- 
effect mass flow meter was used to measure flow in the collector loop (& 0.2 
kg/h). The collector performance parameters and the tank heat loss 
cocfllicient were determined from separate tests and are noted in Figure 1. 
A variety of four and eight hour constant irradiation tests with and without 
dram were performed Figurcs 2 thm 5 show the results of a four-hour test 
with.a420 m n d  draw at an average flow rate of 021 liters per second at 
two hours. The draw volume was about onehalf of the total tank volume. 
Draw flow.rate w u  controlled with a pressure control valve and was 
measured with a turbine flow meter (* 0.01 Us). 

Bickford and Hiffle simulated the results of this experiment using the 
..solar simulation program TRNSYS (Klein, 1992)with a reccntly updated 

thermosyphon system model originally developed by Morrison and Braun 
(1985). The model calculates the thermosyphon flow rate by requiring the 
. sum of changes in prcssurc around the collector heat exchanger loop due to 
.buoyancy forces and frictional losses to be zero. Recent upgrades (Morrison, 
1994) allow the simulation of several different kinds of heat exchangers, 
including an annular tank-in-tank m g e m e n t  The model now also 

I calculates conduction between adjacent water layers in the tank and along 
the tank wall. 
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Figure 2. Collector Inlet (Bottom) and Outlet (Top) 
Temperature vs. Time For Four Hour Test With Draw. 

Figure 2 shows a comparison of the collector inlet and outlet 
temperatures during the four hour test. The predicted temperature rise 
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Figure 3. Collector Flow Rate vs. Time For Four Hour Test 

across the collFtor is larger than in the experiment Figure 3 shows the 
predicted and actual collector flow rate. The qualitative shapes of these 

s .  ;.-curves have been discussed previOusly (Bickford and Hiffle, 1995), but note 
that the model predicts significantly lower flow than observed which 
counteracts the overprediction of the collector temperature risc in a 
calculation of collector useful energy. Over the four hour experiment, the 

---predicted collector useful energy is 21053 kJ which is about seven percent 
largerthan the experimental value of 19626 kJ. Although this agreement is 
reasonable, it arises due to compensating errors in the model. 

-. ' - i F v  4 compares the average tank temperature as a finction of time 

. 
overthe four hour test The experimental average temperature is computed 
as a volume weighted average of the temperatures of four thermocouples 
placed in a vertkal tree near the center of the tank as described by Bickford 
and Hiffle (1995). The TRNSYS average temperature is computed as a 
weighted avemge of the tank node temperatures. The simulation predicts a 
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Figure 4. Average Tank Temperature vs. Time For Four Hour 

Test With Draw. 



higher average tank tcmpkature before the draw with a larger drop during 
the draw. 

Figure 5 shows the tank draw temperature as a function of fractional 
tank volume over the 420 second draw. The predicted draw temperature 
starts off higher and then drops faster than the corresponding experimental 
draw temperature. This indicates that there is a higher degree of vcrticai 
strati6cationintfiedoddtankthan in the experimental tank. The mcasured 
energy delivered during the 420 sccond draw is 7412 kJ. The model 
predicts an energy delivcry of 9503 kJ which is 28 percent Iqer.  

With no adjustment, the TRNSYS Thermosyphon System model is 
not effectively simuhting this four hour solar-only constant irradiation tcst 
with a tixed volume draw. 

This work sccks to improve the accuracy of the simulation by' 
s y s h d d y  identifying and adjusting key parameter inputs and requiring 
that the model output better match the time evolution ofthe collector and 
heat exchangedtank temperatures and flow rates. This is accomplished 
using the TRNSYS program to first examine the accuracy of individual 
component modds and then check the results of the simulation as a whole. 

. F N ,  as a test of the accuracy of the adjusted model, the performance of 
two additional oneday outdoor tests made at SEAL. is predicted and 
compared. 
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Figure 5. Draw Temperature vs. Fractional Volume During 
the 420 Second Draw. 

IMPROVING THE SIMULATION 
By adjusting one parameter such as the tank heat loss (UA) value or 

the collector heat loss parameter (FJJJ, the simulation model could be 
"calibrated" to match any single experimental outcome, such as the draw 
energy. However, if the model does not match the details of the 
development of the system temperatures and thennosyphon flow rate there 
can be little confidence in the simulation model's ability to predict system 
performance under widely varying conditions. More likely, several 
perametcrs will have to be adjusted in order to obtain a more accurate match 
behvm the simulation and the experiment. 

Jn this case, the thermosyphon model consists of a standard flat plate 
collector that is coupled to a heat exchanger and a thermosyphon 
calculation. The performance of the individual components is highly 
coupled and modification of any one of them will &at  the others making 

multiple parameter adjustment diEcult For cxampk, adjusting thc o d  
heat transfer coefficient (UA) value of thc heat exchanger will & i t  the 
thennosyphon flow and collector outlet temperature. Therefm, in thc 
procedure used here, the thermosyphon flow calculation in the collector 
loop is disabled and the collector model is forud to exactly follow the 
d ~ ~ c t t e m p c r a t u r e  and flow as shown inFigurts2 and 3. 
The accuracy of the collector and heat exchanger/t.ank models can thcn be 
BL(stssed and, if nccclsary, adjusted individualty. The thermasyphon 
calculation is then enabled and pcrfonnancc of the entirc model is checked 
and adjustrd ifnccclsary. By using this approach, several adjustments can 
.be made to the model in logical succession allowing the experiment to be 
simulated more accurately. 

DECOUPLED MODEL SIMULATION RESULTS 
Figure 6 shows the predicted and Cxperimental collector outlet 

tempatms when the measured experimental flow rate and collector inlet 
temperature shown in Figurcs 2 and 3 are used as inputs to the modd (this 
is called the ' Y o d  model" hereafter). With two exceptions, the predictd. 
collector outlet temperature is within about one halfof one d e w  of the 
experimental collator outlet temperature. The discrepancies at the 
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Figure 6. Collector Outlet Temperature vs. Time With 
Forced Collector Flow Rate and Inlet Temperature. 
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beginning of the test and during the draw occur because the TRNSYS 
model does not account for the thermal capacitance of the system. The 
cxperhmtal flow rate, being forud into the model, is vcry low at the start 
ofthe test ( F i i 3 ) ,  which causes the model to immediately predict a very 
large collector temperature rise. In reality, the collector takes some fnitc 

' time to respond to the step change in irradiation and does not experience a 
large temperature rise immediately. 

Examination of Figure 3 shows that the measund (and predicted) 
tfiamosyphon flow increases as the avemge temperature of the fluid in the 
cdlector/heat exchanger loop increases with time (due to a decrease in fluid 
viswsity). During the draw, the average temperature in the collectorlheat 
exchanger loop will drop as the cold water entcrs the tank The 
thennosyphon flow predicted by the model immediately predicts a 
corresponding drop in flow. In the experiment, the flow first rcsponds to 
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Figure 7. Collector Inlet Temperature vs. Time With Forced 
Collector Flow Rate and Inlet Temperature. 

only a drop in the collector inlet temperature which causes the flow rate tb 
increase. Thc eventual drop in the average loop temperature and 
corresponding drop in flow rate is delayed to well beyond the end of the 
draw. The cumnt model (and TRNSYS in general) will not reproduce this 
same trend. 

Even with the discrepancies mentioned above, the experimental and 
predicted total collector useful energy differ by less,than one percent 
indicating that the previously measured collector gain @&a)) and loss 
parameters @JJJ are appropriate. 

. AAer the fluid leaves the collector, it passes through the heat exchanger 
and then goes back to the collector inlet. Figure 7 compares the collector 
inlet temperature predicted by the forced model with the experiment. The 
pdicted temperature out of the heat exchanger is significantly lower than 

42 / I  

ibemcasurtd&SInccthemeasuredandprcdictedtcmperaturcentcring 
the heat exchanger are essentially thc same, this result implies that the 
predicted heat transfer to thc tank water is larger than in the experiment 
This suggests that the model overtstirnates thc performance of the ha! . . 
exchanger and a modification of the hcat exchanger overall heat t rader  
coefficient (VA) calcuIation is required. 

Figure 8 shows the average tank tempemture for the model and the 
cxpxinmt.As discussed in relation to figure 4 in the pnvious d o n ,  the 
temperature rises at a greater mte in the model than in the experiment. 
S i  in this case, the predicted collector energy output is very close to the 
experimental value, the predicted heat exchanger UA value must be larger 
than the cxpxinmtai d u e  (assuming comct thermal capacity in thc tank). 

0 0.4 0.2 0.3 0.4 . 0.5 - Volume Fraction 
Figure 9. Draw Temperature vs. Volume Fraction With 

Forced Collector Flow Rate and Inlet Temperature. . 

Again, this suggests a modification of the heat exchanger UA value. - 
F e  9 shows the pedided and actual draw temperature over the 420 

second draw. The model uredicts higher draw temperatures and higher 
. stdlication as dkcused in ;lation to Figure 5. The predicted draw en&y 

kJ.Amodificaton of the destratification calculation in the tank model may 
. of9896 w is aboutthilty pacent larger than thc experimental value of 7412 

also be required. 

.ADJUSTMENTS USING THE DECOUPLED MODEL 
The decoupled thermosyphon model is used as a starting point for 

adjustment ofthe original model panuneters. The amount of heat transf& 
through the heat exchanger is first reduced and then the tank stratification 
problem is considered. 

Since the predicted inlet temperature profile to the heat exchanger 
(cdkdor outl et) is very close to the experimental proiilc, adjusting thc UA 
value of the heat exchanger until the heat exchanger outlet temperature 

0 2ooo 4Ooo 6Ooo 8 M ) o l o o o o l 2 o o o l 4 O o o  (cdkdor inkt) profile matches thc experimental profile will ensure that the 
model heat exchanger is transferring thc c o m t  amount of energy into the 
tank water. To do this, a prcvious eight hour warm-up test with no load 
draw made by Bickford and Hittle (1995) is used. This is td avoid the 
complications associated with the capacitance in the system during the 

Time (s) 
Figure 8. Average Tank Temperature vs. Time With Forced 

Collector Flow Rate and Inlet Temperature. 



draw. The eight hour tcst is modeled by forcing the flow ratc and collector 
inkt temperature as with the four hour test The heat exchanger UA value 
is adjudal until the pndidad collector inlet temperature proWe matches the 
experimental profile as closcly as possible. A mulplicative factor of 0.7 
applied to the heat exchanger UA calculation in the model minimizW the 
RMS m o r  in the prodiction. 

Note, an attempt was made to adjust the heat exchanger UA until the 
expahmtal and simulah tank average temperature profiles (specifically, 
slope of the temperature rise) matched. The new predicted temperature at 
the heat occhangawtktwas much lower than the experimental value. The 
experimental value of the average tank temperature is calculated on a 
volume weighted average of only four temperature measurements. As a 
result, the uncertainty in the experimental average is large and thus this 
temperature may not be the best value to use to characterize the heat 
transfer to the tank 

Having modified the heat cxchanger calculations, the tank stratification 
problem is c o n s i d d .  Tank destratification in the model includes 
conduction along the tank wall and between adjacent water layers. These 
two effects are combined into an equivalent conductivity term. There is 
currently no convective destratification mechanism modeled. To decrease 
tank stratification, a mulplicative factor is applied to the equivalent 
conductivity term and adjusted until the 420 second draw temperature 
profile is matched as closely as possible. A factor of 27 is required to 
rnhimb the RMS error in the temperature profile. Two causes have been 

.suggested previously for the large size of this adjustment. F i i  an 
assumption is made in the model that the collector fluid rises without mixing 
to the top of the annular space in the heat exchanger. Measurements show 
that this is not the CBSC (Bickfiord and Hittle, 1995) and mixing wiU decrease 

. ,tank stratification. Second, there may be a convective mixing process 
occurring in the potable water inside the tank (BicHord and Hittle, 1995). 

- I 
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FINAL SIMULATION RESULTS 
The modifications calculated using the forced model are applied to the 

non-forced model. The heat exchanger UA value is multiplied by 0.7 and 
the equivalent conductivity term is multiplied by 27 throughout the 
simulation. When this is done, collector and draw energy quantities match 
very well, but the collector flow rate is sti l l  underpredicted and the 
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Figure IO.  Collector Inlet (Bottom) and Outlet (Top) 
Temperature vs. Time For Final Model. 
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Figure 11. Collector Flow Rate vs. Time For Final Model. 

temperature rise is overpredicted (once again resulting in good w e n t  
in integrated collector energy prediction). A final adjustment is made by 
reducing the total friction factor in the collector loop piping until the flow 
mte (and thus temperature rise) match. This requires that the friction factor 
be reduced by approximately 40 percent. 

. Figure 10 shows the collectorinlct and outlet temperatures for the final 
-. modd and the expiment n e  profiles match within two degrees except at 

the start of the experiment and during the draw. Figure 11 shows the 
cdkdorflowrate.Again the profiles match very well. Figure 12 shows the 

. pndicted and actual draw temperature profiles. The predicted temperatures 

. . in the profile have an RMS error of 1.9 degrees C comparcd to the original 
RMS m of 5.6 degrees C (Figure 5). The energy r q l t s  are sumRlLtrized 
in Table 1. 
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Figure 12. Draw Temperature vs. Volume Fracthn For Final 

Model. 



I aDie I. r;ompanson or integratea Energy a m u m o n  
Results for indoor Test 

Expcxi- Orf&d Adjusted 
d Modd Modd OrltIPpl Modd Modd 

CdL I I I 
. .  

DrBW 
Enerw 7412 9503 7445 +28 + 0.4 

SIMULATiON OF OUTDOOR TESTS 
In an effort to test the robustness of the model with the adjusted 

parameters, the thermosyphon system was mounted on the outdoor testbed 
at SEAL and two oneday tcsts were conducted. The first test occurred on 
a very clear day and the second occurred on a partly cloudy day. A 420 
second draw a! a flow rate of approximately 0.2 liters per second was made 
sometime a f k  noon and a complete three volume draw off was made later 
in the afternoon for each test. Horizontal radiation, ambient temperature, 
and tank inlet and outlet temperatures were recorded and used to construct 

. TRNSYS input decks to simulate the outdoor experiments. The simulations 
were run with the adjusted model parameters and the unadjusted original 
parameters. Figures 13 and 14 show the experimental, unadjusted, and 
adjusted model results for the draw temperature profiles for both draws of 
the first test and Figures 15 and 16 show the same information for the 
second test. In all cases, the adjusted model p t l y  increases the accuracy 
of the temperature predictions and the integrated energy results. Table 2 
summarizes the integrated energy results for the outdoor tests. 

. 
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Figure 13. Draw Temperature vs. Volume Fraction For Short 
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Table 2. Comparison of Integrated Energy Results for 
Outdoor Tests 

short 
D- 

Energy w 
Long 
D- 

Energy 

'4551 7368 5371 + 62 i- 18 
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Figure 16. Draw Temperature vs. Volume Fraction For Long 
Draw of Second Outdoor Test 

CONCLUSIONS 
The performance of the TRNSYS simulation model for a 

thermosyphon SDHW systcmwiti~ an integral tanwheat exchanger has been 
sigdkantly i m p v a i  by Using systematic comparisons between model and 
experiment to identifL and calibrate three model parameters. Before 
calibration, the collector ustful energy, tank stratification, and draw energy 
are all overpredicted by the model. Integrated energy quantities and 

temperature pro& pidictions improve greatly with a system& multipk 
parameter adjustment of the modcL Further, agreement betwan the 
calibrated model and two independent outdoor tests was improved. 

The required nductions of about 30 percent in the heat exchanger UA 
value and 40 penxnt in the collector loop fiction factor arc ph- 
realistic and justifiabk based upon the uncertainty in their modcling. ' 
Howver, the rcquircd adjustment to the effective conductivity term is too 
large to bc rtalistic and it is probable that other physical proccrses a 
muning  in the experiment that arc not included in the model. Mixing of 
thc'fluki in thccdkdor loop asit rises in the annulus of the heat exchanger 
and convective.xnixing of potable water in the tank may explain the 
observed reduction in stratifcation compand to the original model 
prediction. 

In future tcsting of themnosyphon systems, Cxperimental tests that . 
disable one portion of the system would be beneficial in the modeling 
process. For example, forcing the closed loop flow rate and the heat 
exchanger inlet t e m p t u r e  cxperimentalIy.would provide a da& set with 
odythc heat exchanger performance and tank stratification as parameters. 

The general importance of this work lies in the logical prognssion of 
the procedure that is used. F i i  the inlet conditions to the collector are 
forced to examine the performance of the collector model and to adjust the 
heat exchanger to match experimental temperature data. Then, using a 
forced model, the tank water stratification is adjusted to match the 
m e n t a l  drawtempture  profile. Finally, with no model forcing, the 
cokctor &tion factor is adjusted to match experimental collector flow rate. 
By following this logical progression around the system, the model can be . 
adjusted to match time dependent temperature profiles vcry well and the 
original indoorexpehental integrated encrgy values to within one percent. 
Useoftheadjustedparametcrsintwoadditionaloutdoor~ confirmsthat 
the adjusted model is siflcantly better at predicting system pcrformanct 
than the original model. 
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ADVANCED RESIDENTIAL SOLAR DOMESTIC HOT 
WATER (SDHW) SYSTEMS 

This report is for October and November, 1995. Experimental tests are being conducted on 
three side by side systems: ASN, NEG and Thermodynamics. 

Experimental Work 

Continued performing noxmal operation tests and “continuous operation” tests on the three 
systems. A “normal operation” test allows the systems to function as per the manufacturer with 
three 20 gallon draws a day; at 8:OO am., noon, and 5 p.m. For “continuous operation” test the 
pumps on the systems are set to run 24 hours a day. This test is done with and without draws and . 
with and without auxiliary heaters. These tests will enable us to isolate collector performance char- 
acteristics. 

were plumbed to operate in series, they are now plumbed to operate in parallel. The Micro Motion 
flow meter was removed from the Thermo Dynamics natural convection line. Selected tests will 
be performed with the new configuration. The testing will not commence until spring; or until the 
weather is warm enough to not have to worry about the pipes freezing. 

While analyzing the reduced data fromprevious tests, it was discovered that the Thexmo Dy- 
namics main solar storage tank was missing a “dip-tube.” This was discovered by following the 
temperatures in the tanks during the draws, see the attached figures. A dip-tube was installed. The 
tests for Thermo Dynamics will be re-run. The performance characteristics of the heat exchanger 
and collector are not affected by the missing dip-tube, but overall system per€ormance will be im- 

- proved. 
Work continues towards completion of my dissertation. The literature search is still in 

progress. 

The manifold on the NEG collector was re-plumbed. Originally the two collector panels 

Optimization of Evacuated Tube Collectors 

The installation and instrumentation of the NEG Sun Family collector with 8 ICs collector 
tubes and a stainless backplane reflector was completed. The instrumentation set-up is as de- 
scribed b the previous report. ’Initial tests have been performed with the following procedure. 

a 0 cover the collector 

C 0 remove the cover 

e 0 cover the collector 
f 0 

b 0 flush water through the collector until (Tco~,out - e l0C 

d 0 collect energy for a number of hours 

flush water through the collector until (Tcoll,out - Tcouh) c 1°C 
g 0 stop 

Using the steps from the above procedure, the following equations have been derived. The 
collector’s performance will be evaluated by measuring the change in capacitance of the collector, 
(AJZcoll ), while the cover is removed (steps c through e). This is determined using equation 1. & 
is the collector useful energy drawn off and Qloss is the collector thermal losses to ambient 



I 

where: 
I 

The average collector temperature in equation 6 is not an easy value to determine. 
Without the use of a thermocouple tree in each collector tube, an analytical approach is 
required. A first order approximation would be to assume a linear decrease in the collector 
temperature between steps 5 and 7. 



Thermo System Temperatures, August 30, 1995 
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MANAGEMENT AND COORDINATION 
OF COLORADO STATEIDOE PROGRAM 

Coordination of research activities continued on the three technical research tasks under the 
DOE grant, and accounts were maintained and updated Financial and technical reports were 
submitted as r e q d .  - 

.*. 
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