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(57) ABSTRACT 

A geothermal system including geothermal equipment 
(GTE) for transferring heat energy in a building. A ground 
loop heat exchanging (GLHE) subsystem is interfaced with 
the GTE, and a plate heat exchanger (PHE) for interfacing the 
GTE and the GLHE subsystem. The PHE establishes a first 
hydraulic loop between the GTE, and the PHE. The PHE 
established a second hydraulic loop between the GLHE sub 
system and the PHE. The volumetric flow rate within the 
second hydraulic loop is greater or less than the Volumetric 
flow rate within the first hydraulic loop. The PHE exchanges 
heat energy between the first and second hydraulic loops so 
that the GLHE subsystem is operated at inlet water tempera 
tures that enable maximum heat transfer rate (HTR) perfor 
mance when the GTE is fully loaded. 
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METHOD OF MEASURING AND CHARTING THE PERFORMANCE 
CHARACTERISTICS OF ATHERMACOUPLETM GROUND HEAT 

EXCHANGER (GHE) NSTALLATION 

STEP 1 INSTALL ATHERMACOUPLE(R) GROUND HEAT 
EXCHANGER (GHE) INA BOREHOLE DRILLED IN THE EARTHAT 
A LOCATION WHERE A GROUND LOOP HEAT EXCHANGNG 
(GLHE) SUBSYSTEMIS TO BE DESIGNED AND CONSTRUCTED 
USING MULTIPLE SUCH GROUND HEAT EXCHANGERS (GHES). 

STEP 2: BEFORE CONDUCTING THE PEFORMANCE TEST, 
DETERMINE THE RANGE OF INLETTEMPERATURE VALUEST 
AND WOLUMETRIC FLOW RATES WOWER WHICH THE 
PERFORMANCE TEST WILL BE CONDUCTED, AS SPECIFIED IN 
CHAPTER 5 OF THE GLE MANUAL ENTER THESET AND V 
TEST POINTS INTO THE GHE PERFORMANCE CALCULATOR, AS 
A REMINDER OF THE GHE PERFORMANCE TEST LIMITS ON THE 
TES SITE. 

STEP 3: CONNECT THE THERMACOUPLE PORTABLE 
ENTHALPY-BASED GHE PERFORMANCE TEST 
INSTRUMENATION SYSTEM TO THE INLET AND OULET PORTS 
OF THE INSTALLED GROUND HEAT EXCHANGER, AND CHARGE 
HE RESULTING GROUND OOP WITH APREDETERMINED 
QUANTITY OF WATER (I.E. HEAT TRANSFERRING FLUID) WITH 
AN INLET WATER PRESSURE P = 15.5 psig). 

STEP 4: START THE WATER CIRCULATION PUMPS AND 
CIRCULATE THE PREDETERMINED OUANTITY OF WATER 
THROUGH THE TEST LOOPATA CONSTANT VOLUMETRIC 
FLOW RATE V = 9.0 GPM THROUGH THE TEST GROUND LOOP. 

FG 1 OA 
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STEP 5: START MEASURING, LOGGING AND RECORDING AT 60 
SECOND SAMPLING INTERVALS, THE CONTROLLED 
VOLUMETRIC FLOW RATE VMEASURED IN UNITS OF GPM, 
THE INLET AND OUTLET WATER TEMPERATUREST AND T. 
MEASURED IN UNITS OFF, AND NET AND OU LET WAER 
PRESSURES P AND P. MEASURED IN UNITS OF psig 
(COLLECTIVELY "TEST DATA"); AND PERIODICALLY IMPORT 
SUCH TEST DATA INTO THE THERMACOUPLEMSPREADSHEET 
CAL CULATOR! WORKEOOK. 

STEP 6: MONITOR THE LOOP WATER TEMPERATUREST AND 
T AND DETERMINE WHEN THESE TEMPERATURES ARE 
APPROXIMATELY EQUAL =T INDICATING ASTEADY-STATE 
WALUE APPROXMATING THE DEEP EARTH TEMPERATURE 
T= T-T (TYPICALLY WITHIN THE RANGE OF ABOUT 45 °F) 
TO ABOUT 80 °F) DEPENDING ON THE BOREHOLE LOCATION IN 
THE EARTH). 

STEP 7: WHEN Te=T=T AND THERMAL ECULIBRUM 
CONDITIONS EXIST, AND WHILE THE HEATING MODULE IS 
STILL DE-ENERGIZED AND NOT SUPPLYING HEAT ENERGY 
INTO THE WATER LOOP, MONITOR, LOG AND RECORD THE 
INET AND OUTLETTEMPERATURES AND TAND 
PRESSURES P AND P AND VOLUMETRIC FLOW RATE WAT 
FOR AT LEAST A ONE HOUR PERIOD. 

FIG. 1 OB 
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STEP 8: MAINTAIN THE VOLUMETREC FLOW RATE VAT 9.0 
GPMAND START THE ELECTRICALLY-POWERED WATER 
HEATER MODULE AND BEGIN INTRODUCING HERMAL 
ENERGY INTO THE WATER CIRCULATED THROUGH THE EST 
GROUND LOOP SO THAT A CONSTANT MINIMUM NLE WATER 
TEMPERATURET = Tr(min) IN THE TEST RANGE IS 
MANTAINED BY THE THERMACOUPLEGE) GHE PERFORMANCE 
TEST INSTRUMENT. 

STEP 9: MEASURE, LOG AND RECORD TEST DATA FORATEST 
PERIOD OF 4 HOURS ONCE THERMAL ECRUBRIUM STEADY 
STATE CONDITIONS T = Tr(min) HAVE BEEN ATTAINED BY THE 
GHE SYSTEM UNDER CONTROLLED PERFORMANCE TESTING. 

STEP 10: INCREASE THE VOLUMETRIC FLOW RATE TO V= 12 
GPM) WHILE MAINTAINING THET CONSTANT AND CONTINUE 
TO MEASURE, LOG AND RECORD TEST DATA FOR 4 HOURS 
ONCE THERMAL EOULIBRUM HAS BEEN DETECTED. 

STEP 11: REPEAT FOR V= 15 GPM) AND V= 18 (GPM WHILE 
MANTAINING INLETTEMPERATURET CONSTANT, 
COLLECTING 4 HOURS OF TEST DATA FOREACH GPM SETTING 
ONCE THERMAL ECRUILIBRUM HAS BEEN DETECTED. 

F.G. 10C 
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STEP 12: INCREMENT T BY 5 °F), AND REPEATHE TEST FOR 
VALUES OF WOLUMETRIC FLOW RATES 9, 12, 15 AND 18 (GPM 
COLLECTING 4 HOURS OF TEST DATA FOR EACH WOLUMETRIC 
FLOW RATE SETTING ONCE THERMAL EQUIBRUM HAS BEEN 
DETECTED, AND REPEAT THE TEST FOR INCREMENTS OF T 
BY 5 °F UNTILT = Tr(max). HAS BEEN REACHED. 

STEP 13: MANTAIN THE VOLUMETRIC FLOW RATE WAT 18 GPM 
AND T = Tr(max), AND COLLECT AND RECORD TEST DATA FOR 
48 HOURS ONCE THERMAL ECRUILIBRUM HAS BEEN 
DETECTED 

STEP 14: DECREASE Tin BY 5 °F), WHILE MAINTAINING A 
VOLUMETRIC FLOW RATE VAT 18 GPM), AND COLLECT 4 
HOURS OF TEST DATA ONCE THERMAL ECULIBRIUM HAS 
BEEN DETECTED. 

STEP 15: REPEAT STEP 14, EACH TIME COLLECTING 4 HOURS 
OF TEST DATA (AT THERMAL EQUILBRIUM), AND STOP AFTER 
T=T(min) HAS BEEN ATTAINED AND TEST DATA COLLECTED 
AT THIS TEST POINT. 

STEP 16: DECREASE THE WOLUMETRC FLOW RATE BY 3 GPM 
TO 15 GPMAND RESETT TO T (min) AND COLLECT4 HOURS 
OF TEST DATA ONCE THERMAL EOUBRIUM HAS BEEN 
DETECTED. 

FIG 1 OD 
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(D) 

STEP 17: MAINTAIN THE VOLUMETRIC FLOW RATE V SETAT 
STEP 16, AND INCREASE T BY 5 °F AND COLLECT TEST DATA 
FOR 4 HOURS ONCE THERMAL ECRULIBRIUM HAS BEEN 
DETECTED; REPEAT THE TEST FOR INCREMENTS IN T WHILE 
VIS HELD CONSTANT, UNTILT=T(max). 

STEP 18: WHILE T = Tr(max), DECREASE THE VOLUMETRIC 
FLOW RATE V BY 3 GPM (TO 12 GPM) AND COLLECT TEST DATA 
FOR 4 HOURS ONCE THERMAL EQUIBREUM HAS BEEN 
DETECTED. 

STEP 19. MAINTAIN THE VOLUMETRIC FLOW RATE W SETAT 
STEP 18, AND DECREASE T BY 5 (F, THEN COLLECT TEST 
DATA FOR 4 HOURS ONCE THERMAL ECULEBRIUM HAS BEEN 
DETECTED 

STEP 20: REPEAT STEP 19. EACH TIME COLLECTING 4 HOURS 
OF TEST DATA (AT THERMAL EQUILIBRIUM CONDITIONS), AND 
STOP AFTER T = Tr(min) HAS BEEN ATTAINED AND TEST DATA 
HAS BEEN COLLECTED AT THIS TEST POINT, 

STEP 21: DECREASE THE VOLUMETRIC FLOW RATE BY 3 GPM 
TO 9 GPMAND SETT = Tr(max) AND COLLECT4 HOURS OF 
TEST DAA. ONCE THERMAL EOULIBRIUM HAS BEEN 
DETECTED. 

FIG 1 OE 
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STEP 22: MAINTAIN THE VOLUMETRIC FLOW RATE VSETAT 
STEP 21, AND INCREASE T BY 5 °F AND COLLECT TEST DATA 
FOR4 HOURS ONCE THERMAL EOUILIBRIUM HAS BEEN 
DETECTED; REPEAT TEST FOR INCREMENTS IN Tin WHILE VIS 
HELD CONSTANT, UNTILT= Tr(max) 

STEP 23: MAINTAIN THE VOLUMETRIC FLOW RATE VAT 9 GPM, 
DE-ENERGIZE THE WATER HEATING MODULE AND CONTENUE 
TO CRCULATE WATER THROUGH THE GHE WHILE 
COLLECTING TEST DATA. 

STEP 24: MONITOR THE LOOP WATER TEMPERATUREST AND 
T AND DETERMINE WHEN THESE TEMPERATURES ARE 
APPROXIMATELY EQUALT-TAT THERMAL ECUILIBRIUM 
CONDITIONS, APPROXIMATING THE DEEP EARTH 
TEMPERATURE Te= T=T. 

STEP 25: WHEN Te=T=T INDICATING THERMAL ECQUILIBRUM 
CONDITIONS, AND WHILE THE WATER HEATING MODULE IS 
STILL DE-ENERGIZED, MONITOR AND RECORD TEST DATA FOR 
AT LEAST A ONE HOUR PERIOD. 

STEP 26: WHENT= T=T STOP THE WATER LOOP 
CIRCULATION PUMPS, AND CONCLUDE THE PERFORMANCE 
TEST. 

FIG 1 OF 
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STEP 27: FOR SAMPLING INTERVALS WHERE THERMA 
EQUILIBRIUM CONDITIONS ARE INDICATED, USE THE 
THERMACOUPLE(R) SPREADSHEE GHE PERFORMANCE 
CALCULATOR TO: (i) DETERMINE THE INPUT AND OUTPUT 
SPECIFICENTHALPY WALUES OF WATER IN THE GROUND 
LOOP, h AND he EXPRESSED IN UNITS OF BTUs/bm); (ii) 
CALCULATE THE ACTUAL RAE OF HEAT ENERGY TRANSFER 
de EXCHANGED BETWEEN THE GROUND HEAT EXCHANGER 
AND ITS DEEP EARTHENVIRONMENT, MEASURED IN UNITS OF 
(BTUs/hr USING: d= rh(hou-h); AND (iii) RECORD COMPUTED 
HEAT TRANSFER RATE VALUES Qe. 

STEP 28: FOR SAMPLING INTERVALS WHERE THERMAL 

EQUILIBRIUM CONDITIONS ARE INDICATED, CALCULATE THE 
FLOW WORKRATE (FWR) W=riv(Ph-Pou), EXPRESSED IN 
UNITS OF BTU/Hr, AND RECORD THE CALCULATIONS. 

STEP 29. FOR SAMPLING INTERVALS WHERE THERMAL 
EQUILBRIUM CONDITIONS ARE INDICATED, CALCULATE THE 
ENERGY EFFICIENCY RATIO (EER) OF THE GROUND HEAT 
EXCHANGER (GHE) USING THE CALCULATED HTR AND FWR 
MEASURES, i.e. 

- Othe l han - h 

v P. - P. Of EER W 
pighe 

AND THEN RECORD THE CALCULATED EER VALUE IN THE 
SPREADSHEET CALCULATOR. 

FIG. 10G 
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STEP 3O FOR SAMPLING INTERVALS WHERE HERMA 
EQUILIBRIUM CONDITIONS ARE INDICATED, CALCULATE THE 
HEAT TRANSFER EFFICIENCY (THE) OF THE GROUND HEAT 
EXCHANGER (GHE) USING THE FORMUL.A. 

h (Ti, F) 
l r 

P. T. P. HT in it 2.) 
gie 1- hout (Tie, Fi) 

h. Fi (T. P.) 
AND RECORD THE CALCULATED HTEhe VALUE IN THE 
SPREADSHEET CALCULATOR. 

STEP 31: GENERATE A GE PERFORMANCE CHART (Gale VS. Tin) 
FOR CONSTANT VALUES OF WOLUMETRIC FLOW RATE V 
WITHIN THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
AS LLUSTRATED IN FIG. 5A. 

STEP 32: GENERATE A GHE PERFORMANCE CHART (Qhe WS. 
T) FOR CONSTANT VALUES OF VOLUMETRIC FLOW RATE V 
WITHIN THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
AS LLUSTRATED IN FIG. 5B. 

STEP 33: GENERATE A GHE PERFORMANCE CHART (Wie vs. Tn) 
FOR CONSTANT VALUES OF VOLUMETRIC FLOW RATE V 
WITH IN THE OPERATING Li MITS OF THE PERFORMANCE TEST, 
ASILLUSRATED IN FIG 5C. 

STEP 34: GENERATE A GHE PERFORMANCE CHART (EERevs. 
T.) FOR CONSTANT VALUES OF WOLUMETRIC FLOW RATE V 
OVER THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
ASLUSTRATED INFIG. 5D. 

F.G. 1 OH 
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STEP 35: GENERATE GHE PERFORMANCE CHART (HTE vs. 
T) FOR CONSTANT VALUES OF WOLUMETRICFLOW RATE V 
OVER THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
ASILLUSTRATED INFIG. 5E. 

STEP 36: GENERATE GHE PERFORMANCE CHART (de vs. V) 
FOR CONSTANT VALUES OF INLET WATER TEMPERATURET 
WITHIN THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
AS LUSTRATED IN FIG. 6A. 

STEP 37: GENERATE GHE PERFORMANCE CHART (Wie vs. V) 
FOR CONSTANT VALUES OF NLET WATER TEMPERATURET 
WITHIN THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
AS LLUSTRATED INFIG. 6B. 

STEP 38: GENERATEGHE PERFORMANCE CHART (EER vs. V) 
FOR CONSTANT VALUES OF INLET WATER TEMPERATURET 
WITHIN THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
ASUSTRATED IN FG 6C. 

STEP 39: GENERATE GHE PERFORMANCE CHART (HTE vs. V) 
FOR CONSTANT VALUES OF INLET WATER TEMPERATURET 
WITHIN THE OPERATING LIMITS OF THE PERFORMANCE TEST, 
AS LLUSTRATED IN FIG. 6D. 

STEP 40: COMPLE A PERFORMANCE REPORT FOR THE 
COMPLETED PERFORMANCE TEST PERIOD, INCLUDING THE 
GENERATED GHE PERFORMANCE CHARTS FOR THE GROUND 
HEAT EXCHANGER (GHE) UNDER PERFORMANCE TESTING. 

F.G. 10 
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METHOD OF ENGINEERING A GROUND OOP 
HEAT EXCHANGING (GLHE) SUBSYSTEMS FOR 

GEOTHERMAL SYSTEMS 

STEP 1: DETERMINE THE PEAK THERMAL LOAD date(max) OF 
THE GEOTHERMAL SYSTEM UNDER DESIGN (i.e. TYPICALLY 
GREATER THAN 15 TONS). 

STEP 2: DETERMINE THE OPERATING IMS OF THE 
SELECTED GEOTHERMAL EQUIPMENT (E.G. CHILLER OR HEAT 
PUMP EQUIPMENT) SPECIFIED BY ITS MANUFACTURER (i.e. 
MAXIMUM OUTLET WATER TEMPERATURE Te(max) AND 
MAXIMUM VOLUMETRIC FLOW RATE Ve(max)). 

STEP 3: USE THE PERFORMANCE TEST INSTRUMENT TO 
CONDUCT A GHE PERFORMANCE TEST ON A SINGLE GHE 
NSTALLED AT THE GROUND LOOP TEST SITE, ACCORDING TO 
THE TEST METHOD SPECIFIED IN FIGS. 4A-4, AND WITHIN THE 
OPERATING LIMITS DETERMINED IN STEP 2. 

STEP 4: FROM TEST DATA COLLECTED DURING STEP 3, 
GENERATE A SET OF PERFORMANCE CHARTS FOR THE GHE 
INSTALLATION, ILLUSTRATED IN FIGS. 11A-11E AND 12A-12D. 

(A) 

F.G. 13A 
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STEP 5: FROM THE PERFORMANCE CHARTS GENERATED IN 

STEP 4, DETERMINE: (i) THE MAXIMUM HEAT TRANSFER RATE, 
Q(max) WHICH ASINGLE THERMACOUPLER) GHE 
INSTALLATION CAN SUPPORT WITH THE DEEPEARTH, AT 
|NLET WATER TEMPERATURET WITHIN THE OPERATING 
LIMITS DETERMINED INSTEP 2, AND (ii) THE REQUIRED 
VOLUMETRIC FLOW RATE OF WATER Ve(max) THAT MUST 
FLOW THROUGH THE THERMACOUPLEB GHE TO SUPPORT 
THE MAXIMUM HTR FIGURE OF PERFORMANCE Q(max). 

STEP 6: BASED ON THE de(max) FIGURE OF PERFORMANCE 
DETERMINED IN STEP 5, AND USING AN INTER-BOREHOLE 
SPACING OF AT LEAST 20 FEET AT THE GROUND LOOP SITE, 
DEERMINE THEN TOTAL NUMBER OF GHES THAT WILL BE 

REQUIRED TO MEET THE PEAK THERMAL LOAD OF THE 
GEOTHERMAL SYSTEM, Que(max). 

STEP 7: BASED ON THE IN TOTAL NUMBER OF GHES 
DETERMINED IN STEP 6, AND THE MAXIMUM VOLUMETRIC 
FLOW RATE V(max)THROUGHEACH GHE, DETERMINE THE 
MAXIMUM VOLUMETRIC FLOW RATE Ve(max) THAT MUST 
FOW THROUGH THE GROUND LOOP HEAT EXCHANG NG 
(GLHE) SUBSYSTEM CONSTRUCTED FROM N NUMBER OF GHES 
INSTALLED AT THE GROUND LOOP TEST SITE, SO THAT THE 
GLHE SUBSYSTEMIS CAPABLE OF SUPPORTING THE MAXIMUM 
THERMAL LOAD Q(max) REQUIRED BY THE GEOTHERMAL 
SYSTEM. 

FIG. 13B 
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STEP 8. 

CASE 1: IF THE VOLUMETRIC FLOW RATE Ve(max) REQUIRED 
BY THE GLHE SUBSYSTEM ESECRUAL TO THE MAXIMUM 
VOLUMETRIC FLOW RATE Ve(max) SPECIFIED BY THE 
MANUFACURER OF THE SELECTED GEOTHERMAL 
EQUIPMENT, THEN PLAN ON DIRECTLY CONNECTING THE 
SELECTED GEOTHERMAL EQUIPMENT (GTE) TO THE DESIGNED 
GHE SUBSYSTEM 

CASE 2: IF THE WOLUMETRIC FLOW RATE Vahe (max) RECURED 
BY THE GE HE SUBSYSTEMS GREATER OR LESS HAN AND 
NO ECUAL TO THE MAXIMUMWOLUMETRIC FLOW RATE 
Ve(max) SPECIFIED BY THE MANUFACTURER OF THE 
SELECTED GEOTHERMAL EQUIPMENT, THEN DESIGNAPLATE 
HEAT EXCHANGER (PHE) FOR INSTALLATION BETWEEN THE 
SELECTED GEOTHERMALEQUIPMENT (GTE) AND THE 
DESIGNED GLHE SUBSYSTEM, TO PROVIDED A FIRST 
HYDRAUC LOOP BETWEEN THE GEOTHERMAL EOUPMENT 
AND THEPHE, AND A SECOND HYDRAULIC LOOPFORMED 
BETWEEN THE PHE AND THE GLHE SUBSYSTEM. 

ALONG THE FIRST HYDRAULICLOOP, THE PHE SHOULD 
SUPPORT V.(max) AND T(max). ALONG THE SECOND 
HYDRAULIC LOOP, THE PHE SHOULD SUPPORT Ve(max) AND 
Tin(max). 

STEP 9. USE IN NUMBER OF GHES TO LAYOU A GROUND LOOP 
FIELD, USING AT LEAST A20 FOOT BOREHOLE SPACING, 

FG. 13C 
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STEP 10: DESIGNA GROUND LOOP ZONING AND PPING 
ARRANGEMENT THA MEETS THE RECUREMENTS OF THE 
GROUND OOP LAYOUT DESGN IN STEP 9. 

STEP 11: CONSTRUCT THE DESIGNED GLHE SUBSYSTEM AT 
THE SPECIFIED GROUND LOOP TEST STE SING THEN 
DETERMINED NUMBER OF GHES, AND, IF NECESSARY THE 
DESIGNED PHE IND CATED INSTEP 8. 

STEP 12: USE THE PERFORMANCE CHARTS GENERATED EN 
STEP 4, TO TEST AND TUNE THE CONSTRUCTED GLHE 
SUBSYSTEM OPERATING WITHING THE OPERATING LIMITS 
SPECIFIED INSTEP 2. 

FIG. 1 3D 
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STEP 1: INSTALL ONE "THERMALLY-PASSIVE" CONCENTRIC-TUBE 
GROUND HEAT EXCHANGER (GHE-1) IN A300 FOOT DEEP 
BOREHOLE DRILLED IN THE MIDDLE OF THE TEST SITE, AND THEN 
INS ALL THREE"THERMALLY-ACTIVE" CONCENTRC-TUBE GROUND 
HEAT EXCHANGERS (GHE-2, GHE-3 AND GHE-4) IN THREE 300 FOOT 
DEEP BOREHOLES DRILLED A SELECTED TES DSTANCE d AWAY 
FROM THE CENTRALLY DRILLED BOREHOLE FOR GHE-1, SO THAT 
GROUND HEAT EXCHANGERS GHE-2, GHE-3 AND GHE-4. ARE EACH 
SPACEO APART FROM EACH OTHER BY DISTANCE dAND ARRANGED 
AT 120 DEGREES FROM EACH OTHER ABOUT GHE-1, IN A STAR-LIKE 
CONFIGURATION. 

STEP 2: CONNECT A FIRST PORTABLE ENTHALPY-BASED GHE 
PERFORMANCE TEST INSTRUMENTATION SYSTEM (S1) TO THE 
FIRST GROUND HEAT EXCHANGER GHE-1, AND CONFIGURE FOR 
TEST OPERATION: THEN CONNECTA SECOND PORTABLE 
ENTHALPY-BASED GHE PERFORMANCE TEST INSRUMENTATION 
SYSTEM (S2) TO THE SECOND GROUND HEAT EXCHANGER GHE-2, 
AND CONFIGURE IT FOR TEST OPERATION: THEN CONNECTA THIRD 
PORTABLE ENTHALPY-BASED GHE PERFORMANCE TEST 
INSTRUMENTATION SYSTEM (S3) TO THE THIRD GROUND HEAT 
EXCHANGER GHE-3, AND CONFIGURE IT FOR TEST OPERATION; AND 
THEN CONNECTA FOURTH PORTABLE ENTHALPY-BASED GHE 
PERFORMANCE TEST INSTRUMENTATION SYSTEM (S4) TO THE 
FOURTH GROUND HEAT EXCHANGER GHE-4, AND CONFIGURE IT 
FOR TEST OPERATION 

STEP 3: SUPPLY ELECTRICAL POWER TO THE GROUND LOOP 
WATER PUMPING MODULE OF EACH PORTABLE EST 
INSTRUMENTATION SYSTEM TO CIRCULATE HEAT TRANSFERRING 
FLUID (WATER) THROUGHGROUND HEAT EXCHANGERS GHE-1 
THROUGH GHE-4, WHILE CONTINUOUSLY MONITORING, LOGGNG 
AND RECORDING THE NLET AND OUTLETEMPERATURES AND 
PRESSURES AND MASS FLOW RAES OF EACH GROUND HEAT 
EXCHANGER, AND DETECTING WHEN THE NLET AND OUTLET 
WATER TEMPERATURES OF EACH GROUND HEAT EXCHANGER 
EQUAL THE DEEP EARTH TEMPERATURE, TAND THAT "DEEP 
EARTH THERMAL EQUILIBRIUM HAS BEEN ATTAINED. 

F.G. 18A 
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STEP 4: AT THERMAL EQUILIBRIUM, RECORD THE STEADY STATE 
DEEP EARTH TEMPERATUREST(GHE-1)THROUGH T(GHE-4) 
MEASUREDAT THE NLET AND OUTLET PORTS OF GROUND HEAT 
EXCHANGERS GHE-1 THROUGHGHE-4, RESPECTIVELY AND WHEN 
THE THERMAL EQUILIBRIUMSTATE HAS BEEN ATTANED (AFTER 
ABOUT 60 MINUTES OR MORE OF WATER PUMPING OPERATIONS), 
DENTFY THIS STEADY STATE DEEP EARTH TEMPERATURE ASA 

"REFERENCE" TEMPERATURE FOR MEASURING INCREMENTAL 
CHANGES IN DEEP EARTH TEMPERATURE TABOUT GHE-1 AFTER 
A LONG TERM EXPOSURE OF HEAT ENERGY INTO THE DEEP EARTH 
DURING STEP 5, BELOW. 

STEP 5: WHEN THERMAL ECRUILIBRIUM HAS BEEN ATTANED, 
SUPPLY ELECTRICAL POWER TO THE WATER HEATING MODULE OF 
TEST INSTRUMENTATION SYSTEMS S2, S3 AND S4, BUT NOT S1, SO 
AS TO HEAT THE WATER FLOWING THROUGHGHE-2, GHE-3 AND 
GHE-4, WHILE CONTINUOUSLY MONITORING, LOGGING AND 
RECORDING INLET AND OUTLETTEMPERATURES, PRESSURES AND 
MASS FLOW RATES INTO ALL GHES, DURING THE ENTRE TEST 
PERIOD (E.G. 336 HOURS OR MORE). 

STEP 6: USE THE FIRST TEST INSTRUMENTATION SYSTEM (S1) TO 
MEASURE ANY DETECTED INCREMENTAL DIFFERENCE N THE DEEP 
EARTH TEMPERATURET RELATIVE TO THE REFERENCE 
TEMPERATURET (GHE-1 INITIAL STATE), AND LOG AND RECORD 
ANY TEMPERATURE DIFFERENCES AT EACHSAMPLING INTERVAL, 
WHICH MAY OCCURAS ARESULT OF HERMAL RESPONSE 
CHARACERISTICS ASSOCATED WITH THE DEEP EARTH AND 
SELECTED TEST BOREHOLE SPACNG AT THE PARTICULAR TEST 
SITE UNDER PERFORMANCE TESTING. 

STEP 7: BASED ON ANY DETECTED DEEP EARTH TEMPERATURE 
DIFFERENCES DURING THE LONG-TERM TEST PERIOD, 
RECONSIDER INCREASING ORDECREASING THE SPACING (i.e. 
DISTANCE) BETWEEN DRILLED BOREHOLES FOR GROUND HEAT 
EXCHANGER INSTALLATIONS PLANNED FOR THE GROUND LOOP 
SYSTEM BEING DESIGNED FOR CONSTRUCTION AT THE TEST SITE. 

F.G. 18B 
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METHOD OF AND APPARATUS FOR 
INTERFACING GEOTHERMAL EQUIPMENT 
(GTE) INA BUILDING WITH A GROUND 
LOOP HEAT EXCHANGING (GLHE) 

SUBSYSTEM INSTALLED IN THE DEEP 
EARTHENVIRONMENT OUTSIDE OF THE 

BUILDING 

RELATED CASES 

0001. The present application is a Continuation-in-Part 
(CIP) of copending U.S. application Ser. No. 12/798,827 filed 
Apr. 12, 2010, which is a CIP of application Ser. No. 12/661, 
176 filed Mar. 11, 2010, and assigned to Kelix Heat Transfer 
Systems, LLC, incorporated herein by reference as if set forth 
fully herein. 

BACKGROUND OF THE INVENTION 

0002 1. Field of Invention 
0003. The present invention relates to new and improved 
methods of and apparatus for measuring the energy conver 
sion performance of ground heat exchangers (GHES) and 
ground loop heat exchangers (GLHE) installed in deep Earth 
environments, and new and improved methods of and appa 
ratus for engineering geothermal ground loop Subsystems 
using the same. 
0004 2. Brief Description of the State of Knowledge in the 
Art 
0005. In general, most geothermal system engineering 
projects involve four phases, namely: analysis/planning; 
design; implementation/construction; and testing. 
0006. The analysis and planning phase involves determin 
ing the size of the total thermal load that the geothermal 
system under design must handle during heating and/or cool 
ing modes of operation. During this stage, the thermal loads 
of individual heat sources and sinks in the building environ 
ment are identified and modeled, using conventional Software 
tools, to estimate total load during heating and cooling sea 
sons. There are many excellent tools and methods currently 
available for Supporting this phase of the systems engineering 
project. 
0007. During the design and construction phases, the 
designer and engineer currently have several vertical-type 
ground heat exchanger (GHE) technology options available, 
namely: “closed-loop' vertical U-tube construction: “closed 
loop' vertical concentric-tube construction; and “open-loop' 
standing column well construction. 
0008 While open-loop standing column well heat 
exchangers are known to have excellent performance charac 
teristics, they are typically very expensive to construct and 
can present serious environmental risks to groundwater and 
aquifers, making this technology an unpopular choice in 
many geographic regions. 
0009. In contrast, closed-loop vertical U-tube ground heat 
exchangers have gained great popularity over the past two 
decades, and have eclipsed conventional closed-loop concen 
tric tube ground heat exchangers. Notably, such growth in 
U-tube ground heat exchangers has occurred despite the fact 
that (i) concentric-type heat exchangers have been shown to 
exhibit greater heat transfer performance capacities than 
U-tube ground heat exchangers, and (ii) U-tube ground heat 
exchangers typically require significantly greater borehole 
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drilling depths than concentric-tube ground heat exchangers, 
to achieve a given amount of heat transfer capacity measured 
in BTUs/Hr or Tons. 
0010. Over the past 25 years, a number of conventional 
software tools have been developed in Sweden and in the 
USA, to assist in the design of ground loop heat exchangers 
(GLHES) for commercial and institutional buildings, using 
U-tube and concentric-tube ground heat exchanger (GHE) 
technology. 
0011 Currently, the most popular PC-based software sys 
tems support a three-dimensional computer "simulation of 
the temperature response of various proposed ground loop 
heat exchange (GLHE) configurations, each comprising an 
arrangement of thermally-interacting vertical ground heat 
exchangers (GHES) having a particular borehole depth and 
spacing between neighboring boreholes—and specified by a 
geometry-dependent thermal response function, called its 
g-function. To date, over a thousand different g-functions 
have been developed for ground loop heat exchanger (GLHE) 
configurations to help ground loop designers and engineers 
meet the thermal load and ground loop field layout require 
ments of diverse commercial and institutional geothermal 
projects. 
0012 Such computer simulation systems employ a math 
ematical heat transfer model for each constituent ground heat 
exchanger (GHE), based on either the “finite line-source' or 
“infinite line-source' method, which uses an average “ther 
mal conductivity” parameter BTU/Hr-ft- F., and “thermal 
diffusivity” parameter ft/sec for the ground which must be 
measured in the field through in situ testing procedures. Dur 
ing set up operations, these simulation systems request 
empirically measured thermal conductivity and thermal dif 
fusivity values, along with other ground input parameters, 
such the deep Earth's volumetric heat capacity (BTU/ft-F), 
and if not available, offer the user a list of options from a 
database. 
0013 The aim of such ground loop computer simulation 
tools is to three-fold: (i) predict the temperature field intensity 
at the boreholes of various ground heat exchanger configura 
tions (specified by g-functions) to expected monthly heating 
and cooling loads and monthly peak heating and cooling 
demands, up to a hundred years; (ii) based on the predicted 
temperature gradients at each borehole, estimate the transfer 
of heat energy injected into the deep Earth during cooling 
demands, and extracted from the deep Earth during heating 
demands, and account for heat energy injections into and 
extractions from the thermal mass of simulated ground loop 
field, for up to 100 years; and (iii), adjust the ground loop heat 
exchanger (GLHE) configurations and sizes during simula 
tion operations to meet user-specified minimum or maximum 
heat pump entering fluid temperatures, while satisfying the 
required heating and cooling loads Supplied as input to the 
computer simulation system. 
0014 Based on theoretical simulations of proposed 
ground loop configurations, the ground loop engineer is urged 
to select, for construction, the ground loop field configuration 
having the best simulated performance. 
0015. However, it should be noted that all conventional 
ground loop simulation systems make several simplifications 
and assumptions during borehole temperature and heat trans 
fer simulations, which cannot not be ignored without risk of 
predictive error. 
0016 First, conventional computer simulation systems 
assume that the deep-Earth environment is homogeneous 
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over the depths of modeling involved (e.g. 0-600 feet deep) 
which is certainly not true for most geological environments, 
which include many geological strata. 
0017 Secondly, such computer simulation systems com 
pletely ignore the presence of underground water, including 
aquifers, and the effects that Such resources have on the 
thermal conductivity and diffusivity properties of the Earth's 
mass in ground loop fields, and the transfer of heat energy by 
operation of thermal transfer and groundwater hydraulics. 
0018. Thirdly, such computer simulation systems assume 
that the temperature along each ground heat exchanger (i.e. 
borehole) is constant along its length, which is certainly not 
the case for concentric-tube ground heat exchangers which 
exchange heatenergy with the deep Earth along its outer flow 
channel as the water flows back up towards the surface of the 
Earth. 
0019. Also, as a general rule, conventional ground loop 
simulation systems only employ in situ methods for estimat 
ing the thermal conductivity and thermal diffusivity param 
eters for the ground environment, where a GLHE is being 
designed and planned for construction. Then, the computer 
simulation uses these estimated ground parameters to predict 
the temperature characteristics of the boreholes in different 
ground loop heat exchanger (GLHE) configurations, gener 
ated in response to the expected thermal loads of the building 
involved in the simulation. 
0020 While conventional ground loop simulation systems 
represent the industry's best efforts to mathematically model 
and simulate the performance characteristics of potential 
ground loop heat exchanger (GLHE) arrangements, using 
analytical and numerical Solutions to the thermal problems 
which they address, the simplifications and assumptions 
made Such by Such software simulation systems do not rec 
ognize the complex realities of most ground loop heat 
exchanger (GLHE) environments. 
0021. Also, conventional ground heat exchangers (GHEs) 
have not been designed or constructed to perform with heat 
energy transferring efficiencies or capacities as otherwise 
physically and thermodynamically possible. 
0022. Also, conventional techniques for in situ measure 
ment of the thermal conductivity and thermal diffusivity of 
the ground environment have not provided adequate insight 
into the actual performance of GHEs and GLHEs in particular 
deep Earth environments in which they are installed. 
0023 Consequently, the available thermal energy reserves 
stored within deep Earth environments have not been fully, 
efficiently and economically harnessed for cooling and heat 
ing applications, placing the benefits of geothermal energy 
out of the hands of most in America and around the world. 
0024. Thus, there has been a great need in the geothermal 
ground Source heat pump industry for an alternative approach 
to conventional “simulation-driven ground loop design 
methodologies, including better ways to measurement the 
performance of ground heat exchangers (GHES) and ground 
loop heat exchangers (GLHES), while avoiding the shortcom 
ings and drawbacks of prior art apparatus and methodologies. 

OBJECTS AND SUMMARY OF THE PRESENT 
INVENTION 

0025. Accordingly, it is a primary object of the present 
invention to provide a new and improved method of and 
apparatus for designing and constructing geothermal ground 
loop Subsystems, free of the shortcomings and drawbacks of 
prior art apparatus and methodologies. 
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0026. Another object of the present invention is to provide 
a new and improved apparatus for in situ measuring the 
capacity of ground heat exchanger (GHE) installations to 
transfer heat energy with the Surrounding deep Earth envi 
rOnment. 

0027. Another object of the present invention is to provide 
a new and improved method of in situ measuring the capacity 
of a GHE installation to transfer heat energy with its sur 
rounding deep Earth environment. 
0028. Another object of the present invention is to provide 
Such a method of in situ measuring the capacity of concentric 
tube and U-tube type GHEs installed in diverse deep Earth 
environments. 
0029. Another object of the present invention is to provide 
a new and improved spreadsheet enthalpy-based heat transfer 
rate calculator program for use in measuring the energy per 
formance of GHES and ground loop heat exchanging (GLHE) 
Subsystems installed in deep Earth environments. 
0030. Another object of the present invention is to provide 
a new and improved GHE performance test instrument 
capable of producing a controlled flow of waterata controlled 
output temperature while connected to a test GHE installation 
during an enthalpy-based method of measuring the heat trans 
ferrate of the GHE installation in a deep Earth environment. 
0031. Another object of the present invention is to provide 
a new and improved method designing and constructing a 
ground loop heat exchanging (GLHE) subsystem using 
GHEs having heat transfer rate (HTR) performance charac 
teristics that have been empirically-tested in particular deep 
Earth environments. 
0032. Another object of the present invention is to provide 
a method and apparatus for better guaranteeing geothermal 
system performance, as required in performance-contract 
based energy saving programs. 
0033. Another object of the present invention is to provide 
novel methods of and instrumentation for measuring the heat 
transfer rate (HTR), flow work rate (FWR) and energy effi 
ciency ratio (EER), and heat transfer efficiency (HTE) of 
ground heat exchanger (GHE) installations so that engineers 
can make rational decisions on whether or not to use a par 
ticular class, type or design of ground heat exchanger to 
construct a ground loop heat exchanging (GLHE) subsystem 
for a particular geothermal system project, planned for con 
struction at a specific ground loop site. 
0034. Another object of the present invention is to provide 
a wireless portable GHE performance testing and monitoring 
system and network capable of acquiring performance data 
on GHE installations, in diverse geological environments and 
operating environments, so that empirical heat transfer rate 
(HTR) Surveys can be produced using a standardized high 
efficiency closed-loop type concentric-type GHE. 
0035 Another object of the present invention is to provide 
a such wireless ground heat exchanger performance testing 
and monitoring system for documenting the performance 
characteristics of test ground heat exchangers (GHES) 
installed in diverse geological and operating environments, 
and providing geothermal engineers with a useful perfor 
mance data to help design and construct high-performance 
ground loop heat exchangers (GLHES) of optimized design. 
0036) Another object of the present invention is to provide 
a method of measuring and recording incremental changes in 
the deep Earth temperature in a ground loop test site, using 
multiple portable enthalpy-based GHE performance test sys 
temS. 
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0037 Another object of the present invention is to provide 
an Internet-based network of wireless enthalpy-based GPS 
tracking GHE performance test instrumentation systems 
deployed over the Earth, and communication with a central 
ized data logging and recording station, and accessible by a 
remote database server and a plurality of client systems Sup 
porting Web-based communication interfaces. 
0038 Another object of the present invention is to provide 
an Internet-based network of wireless enthalpy-based GPS 
tracking GHE performance test instrumentation systems 
deployed over the Earth, wherein each GPS-tracking GHE 
performance test instrumentation system can be remotely 
controlled, operated and monitored during GHE performance 
test operations via a wireless Web-based communication 
interface, so that thermal loading of the GHE installation can 
be remotely controlled throughout an entire test operation. 
0039. Another object of the present invention is to provide 
an enthalpy-based GHE Performance Test Instrumentation 
System, employing a Web-enabled onboard system computer 
that has been programmed to perform a number of important 
functions, including: (i) controlling and managing the opera 
tion of the enthalpy-based GHE Performance Test Instrumen 
tation System during all phases of its performance test opera 
tions; (ii) enabling the remote programming of test 
parameters (i.e. inlet temperature of water flowing into the 
GHE installation, and the volumetric flow rate of water flow 
ing through the GHE installation) using a Web-based browser 
running on the remote computer system, in communication 
with system computer, over a wired or wireless communica 
tion link (e.g. Internet connection); and (iii) providing Suffi 
cient communication interfaces to Support digital communi 
cation between the digital data logger/recorder and the 
remote computer system, during performance test operations. 
0040 Another object of the present invention is to provide 
an enthalpy-based GHE Performance Test Instrumentation 
System, wherein during performance testing operations, a 
remote wireless computer system is used to establish a com 
munication link with its system computer, and periodically 
import blocks of test data logged and recorded by a data 
logger/recorder, into a Spreadsheet GHE performance calcu 
lator program, for processing and calculation of GHE perfor 
mance measures of the present invention, and display on the 
LCD panel of the remote computer system. 
0041 Another object of the present invention is to provide 
an enthalpy-based GHE Performance Test Instrumentation 
System, wherein a Web-browser or a Web-enabled applica 
tion running on a remote computer system is used to remotely 
program the test parameters (e.g. control variables) such as 
(TV) used during each GHE performance test, and that 
its system computer is programmed to automatically coordi 
nate and control the GHE Performance Instrument System so 
that the GHE performance testing process of the present 
invention (having thermal loading and unloading cycles) can 
be carried out in an automated (or semi-automated manner 
and remotely monitored using the remote computer system, 
which may be located anywhere on Earth, relative to the GHE 
test site, while in wireless digital communication with the 
wireless GHE Performance Test Instrument. 

0042 Another object of the present invention is to provide 
an enthalpy-based GHE Performance Test Instrumentation 
System, employing a remote computer system that is capable 
of generating, on a quasi-real-time basis, GHE Performance 
Charts in accordance with the principles of the present inven 
tion. 
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0043. Another object of the present invention is to provide 
a method of creating a GPS-indexed heat transfer rate (HTR) 
performance database using empirically obtained heat trans 
ferrate (HTR) performance Surveys taken using a closed-loop 
concentric-type GHE and GPS-tracking enthalpy-based 
GHE performance test instrumentation, so that geothermal 
engineers have empirical knowledge of the potential capacity 
of specific regions of Earth mass to exchange heatenergy with 
Such types of ground heat exchangers, based on Scientific 
research and empirical investigation. 
0044 Another object of the present invention is to provide 
a method of creating a GPS-indexed heat transfer rate (HTR) 
performance database, by combining empirical heat transfer 
rate (HTR) measurements with spatially corresponding 
hydro-geological measurements of underground ground 
water conditions. 
0045 Another object of the present invention is to provide 
a novel method of measuring and creating records of deep 
Earth temperature changes in the ground loop field of a geo 
thermal heat pump system. 
0046. Another object of the present invention is to provide 
a novel method of creating GPS-indexed heat transfer rate 
(HTR) performance measurement maps of the Earth's sub 
Surface. 
0047 Another object of the present invention is to provide 
a method of performance-based ground loop engineering that 
employs Scientific instruments and techniques to measure and 
gauge the actual performance of GHE installations on ground 
loop construction sites, prior to designing GLHE systems for 
construction. 
0048. Another object of the present invention is to provide 
a portable enthalpy-based GHE performance test instrumen 
tation system, and enthalpy-based GHE performance calcu 
lator program, which allows ground loop engineers to accu 
rately measure four very useful performance figures for 
GHEs and GLHE subsystems. 
0049. Another object of the present invention is to provide 
performance-based ground loop engineering techniques that 
provide a better way to design and construct high-perfor 
mance ground loop Subsystems in diverse geological condi 
tions, and also predict and Verify the performance character 
istics of Such subsystems during the lifetime of geothermal 
systems in they are deployed. 
0050. Another object of the present invention is to provide 
a portable enthalpy-based test instrumentation system that 
measures the Heat Transfer Rate (HTR) of any ground heat 
exchanger, measured in units of BTU/Hr, and based on the 
volume/mass flow rate and the inlet and outlet temperature 
and pressure of water flowing through the ground heat 
exchanger during performance testing operations. 
0051. Another object of the present invention is to provide 
a portable enthalpy-based test instrumentation system that 
measures the Flow Work Rate (FWR) of any ground heat 
exchanger, measured in units of BTU/Hr and HP, and 
based on the volume/mass flow rate and the inlet and outlet 
pressure of water flowing through the ground heat exchanger 
during performance testing operations. 
0.052 Another object of the present invention is to provide 
a portable enthalpy-based test instrumentation system that 
measures the Energy Efficiency Ratio (EER)) of any ground 
heat exchange (GHE), measured in dimensionless units, and 
equal to the ratio of the empirically measured HTR and FWR 
of the GHE during performance testing operations. Essen 
tially, the EER for a GHE, as well as a GLHE subsystem, is a 
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coefficient of performance (COP) measure, based on the ratio 
of desired (heat) output BTU/Hr to the required work (en 
ergy) input BTU/HR). 
0053 Another object of the present invention is to provide 
a portable enthalpy-based test instrumentation system that 
measures the Heat Transfer Efficiency (HTE) of any ground 
heat exchanger (GHE) installation, measured in dimension 
less units, and equal to the ratio of (i) the empirically-mea 
sured enthalpy difference between the inlet and outlet ports of 
the GHE when input and outlet water temperatures are 
unequal and in thermal equilibrium, to (ii) the ideal enthalpy 
difference between the inlet and outlet ports of the GHE when 
outlet water temperature is equal to and in thermal equilib 
rium with the deep Earth temperature about the GHE. 
0054 Another object of the present invention is to provide 
a portable enthalpy-based test instrumentation system which 
provide new forms of thermodynamic evidence which engi 
neers can use when recommending a particular geothermal 
system design as part of an energy-saving building solution, 
based on an energy savings performance contract, demanding 
specific levels of performance and accountability during its 
lifetime. 

0055 Another object of the present invention is to provide 
a enthalpy-based test instrumentation system that measures 
the HTR, FWR, EER and HTE measures of performance for 
ground loop heat exchanging (GLHE) subsystems formed 
from an arrangement of GHES, based on similar measure 
ments taken on the GLHE Subsystem, providing a new and 
improved way of assessing the performance of GLHEs. 
0056. Another object of the present invention is to provide 
a portable enthalpy-based test instrumentation system that 
can be used to test the performance of virtually all types of 
concentric-tube ground heat exchangers, as well as U-tube 
ground heat exchangers installed in boreholes up to 500 feet 
deep, in diverse deep Earth environments. 
0057 Another object of the present invention is to provide 
a method of ground loop engineering involving the use of 
ground heat exchangers (GHES) that have been assigned heat 
transfer rate (HTR) performance characteristics determined 
through empirical performance testing in particular deep 
Earth environments. 

0058 Another object of the present invention is to provide 
a performance-based method of ground loop engineering 
ground loop heat exchanging (GLHE) subsystems. 
0059 Another object of the present invention is to provide 
a geothermal system employing a concentric-tube type 
GLHE subsystem interfaced with the geothermal equipment 
(GTE) of building, by way of a plate heat exchanger (PHE) 
for interfacing substantially different hydraulic flows 
required through the GTE and the GLHE subsystem, and 
wherein the PHE exchanges heat energy between the GTE 
and the GLHE subsystem so that the GLHE will be operated 
at inlet water temperatures that enable maximum heat transfer 
rate (HTR) performance when the GTE is fully loaded. 
0060 Another object of the present invention is to provide 
Such a geothermal system, wherein a plate heat exchanger 
(PHE) is used to establish a first hydraulic loop between the 
GTE and the PHE and a second hydraulic loop between 
GLHE and the PHE, and wherein the volumetric flow rate 
within the second hydraulic loop is typically at least two or 
more times greater than the volumetric flow rate within the 
first hydraulic loop, and the PHE exchanges heat energy 
between the first and second hydraulic loops so that the 
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GLHE will be operated at inlet water temperatures that enable 
maximum HTR performance when the GTE is fully loaded. 
0061 Another object of the present invention to provide a 
method of and apparatus for monitoring, logging and record 
ing the HTR, FWR, EER and HTE performance characteris 
tics of any GLHE Subsystem installation using an Enthalpy 
Based Ground Loop Performance Monitoring Module. 
0062 Another object of the present invention to provide 
such an Enthalpy-Based Ground Loop Performance Monitor 
ing Module, comprising: a programmed microprocessor, a 
system bus; a memory architecture including RAM, FLASH 
ROM and hard-disc; a high-speed I/O interface for receiving 
the inputs from temperature and pressure transducers, Volu 
metric fluid rate meter(s), signals from an onboard GPS trans 
ceiver module, and other sensed data inputs; a touch-screen 
LCD display panel interfaced with system bus/CPU via dis 
play controller, for selecting functions and displaying sensed 
data and calculated performance figures for the system being 
monitored; a communications module for Supporting GSM, 
WIFI, and Ethernet protocols, with related communication 
interfaces/ports; antennas for Supporting the communication 
module; a power Supply module; a backup battery module: 
and a compact wall-mountable housing 56 for containing all 
of the system components. 
0063. These and other objects of the present invention will 
become apparent hereinafter and in the Claims to Invention 
appended hereto. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0064. For a more complete understanding of how to prac 
tice the Objects of the Present Invention, the following 
Detailed Description of the Illustrative Embodiments can be 
read in conjunction with the accompanying Drawings, briefly 
described below. 
0065 FIG. 1A is a schematic representation of the glo 
bally-extensive, Mobile-Wireless GPS-Tracking Ground 
Heat Exchanger (GHE) Performance Test Instrumentation 
Network of the present invention shown comprising a plural 
ity of wireless Portable GPS-Based Enthalpy-Based GHE 
Performance Test Instrumentation Systems as shown in FIG. 
1A, wherein each Such system is connected to a ground heat 
exchanger (GHE) installation, and collecting GPS-indexed 
performance data relating to the ground heat exchanger 
(GHE) installation under performance testing operations; 
0.066 FIG. 1B is a schematic illustration view showing a 
single Portable Enthalpy-Based GHE Performance Test 
Instrumentation System of the present invention connected to 
a concentric-tube geothermal ground heat exchanger (GHE) 
installed in a deep Earth environment, during energy-based 
performance testing operations, using a RF transceiver sta 
tion to receive measured inlet and outlet temperatures and 
pressures and volumetric flow rates of the water through the 
ground loop, and a remote data logger/recorder and database 
server, operably connected to the infrastructure of the Inter 
net, for processing collected test data and computing energy 
performance measures in accordance with the principles of 
the present invention so that one or more Web-enabled remote 
client computers can access such performance data and gen 
erated performance charts and reports for ground loop system 
engineering purposes; 
0067 FIG. 1C is a first perspective view of a single Por 
table Enthalpy-Based GHE Performance Test Instrumenta 
tion System, as schematically depicted in FIG. 1B, shown 
being electrically powered by an external power generator, 
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while thermally loading a ground heat exchanger (GHE) at a 
test site during GHE performance testing operations and col 
lecting, processing and displaying test data—in real-time— 
using the Enthalpy-Based GHE Performance Test Instrumen 
tation System of the present invention; 
0068 FIG. 1D is a second perspective view showing the 
Enthalpy-Based GHE Performance Test Instrumentation 
System of FIG. 1C, shown without the electrical power gen 
erator connected thereto; 
0069 FIG. 2A is a first perspective view of the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System of the present invention shown in FIGS. 1C and 1D, 
but with the coverportion of its rugged housing arranged in an 
open configuration revealing the installation of the 3G/4G 
WIFI router, GSM-enabled data logger, recorder and trans 
mitter, water temperature controller, and Volumetric pump 
flow rate controller on the inside panel of the hinged cover 
portion of the its rugged housing, and with its molded thermal 
insulation packing material removed revealing certain of its 
various system components, including its water heating and 
pumping module, Volumetric flow meter, inlet and outlet 
water temperature transducers, inlet and outlet water pressure 
transducers, electrical grounding post, and other components; 
0070 FIG.2B is a second perspective view of the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System of the present invention shown in FIG. 2A, but with its 
cover housing portion arranged in a closed configuration; 
(0071 FIG. 3A is a first perspective view of the water 
heating, pumping and measuring assembly of the present 
invention, shown removed from the housing of the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System shown in FIGS. 2A through 2B, and comprising an 
electronically-controlled water pump, electric heat elements 
contained within a pair of joined together water flow chan 
nels, Volumetric flow meter, temperature and pressure trans 
ducers installed at the outer inlet and outlet ports of the 
apparatus, a water fill port and an air-release valve; 
0072 FIG. 3B is an isometric view of a first section of the 
water heating, pumping and measuring assembly of the 
present invention, illustrated in FIG. 3A, and containing the 
electrical heating elements employed in this first section 
thereof 
0073 FIG. 3C is a cross-sectional view of the section of 
the water heating, pumping and measuring assembly of the 
present invention, shown in FIG. 3B; 
0074 FIG. 3D is a perspective view of an electric heating 
element employed in the water heating, pumping and mea 
suring assembly shown in FIG. 3A; 
0075 FIG. 4A is a schematic diagram of the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System shown in FIGS. 1A through 2B, operably connected 
to a concentric-tube type geothermal ground heat exchanger, 
and showing its primary components, namely, a ground loop 
water pumping module with flow rate control, a ground loop 
water heating module with water temperature control mod 
ule, a data logger/recorder, a portable computer system inter 
faced with the data logger/recorder and running a spreadsheet 
enthalpy-based spreadsheet GHE performance calculator 
program, and a system controller for remotely controlling the 
components of the enthalpy-based GHE Performance Test 
Instrumentation System, via a wireless communication link 
over the Internet or other network; 
0076 FIG. 4B is a schematic diagram of the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
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System of FIGS. 1A through 2B, shown connected to a con 
centric-tube type ground heat exchanger (GHE) by way of its 
system inlet and outlet pipes, and Supplying a constant flow 
rate of water to the ground heat exchanger, at a constant inlet 
temperature during energy performance testing operations; 
(0077 FIG. 4C is a schematic diagram of the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System of FIGS. 1A through 2B, shown connected to a con 
ventional U-tube type ground heat exchanger (GHE) by way 
of its system inlet and outlet pipes, and Supplying a constant 
flow rate of water to the ground heat exchanger, at a constant 
inlet temperature during energy performance testing opera 
tions; 
0078 FIG. 5 is a schematic representation of an energy 
conservation balance conducted for a generalized thermody 
namic system involving heat transferrate and work rate func 
tions; 
007.9 FIG. 5A is a schematic representation of an energy 
conservation balance conducted for any concentric-type 
ground heat exchanging system when operating at tempera 
tures TzTzT with T-95° F. and the system is at ther 
mal equilibrium; 
0080 FIG. 5B is a schematic representation of an energy 
conservation balance conducted for any U-tube type ground 
heat exchanging system when operating at temperatures 
TzTzT with T 95° F. and the system at thermal equi 
librium; 
I0081 FIG. 6 is a schematic representation defining the 
system boundaries/control volume for any U-tube type 
ground heat exchanging system, being analyzed for energy 
conservation balance as illustrated in FIG. 5B; 
I0082 FIG. 7A is a schematic representation defining the 
system boundaries/control Volume for ground loop water 
pumping and heating module of the GHE performance testing 
instrument of the present invention, being analyzed for 
energy conservation balance as illustrated in FIG. 7B, when 
operating at temperatures TzTzT with T 95° F. and 
the system is at thermal equilibrium; 
I0083 FIG. 7B is a schematic representation of an energy 
conservation balance conducted for the ground loop water 
pumping and heating module of FIG. 7A when operating at 
temperatures TzTaT with T 95° F. and the system is 
at thermal equilibrium; 
I0084 FIG. 8A is a schematic representation defining the 
system boundaries/control Volume for any concentric-type 
ground heat exchanging (GHE) system, being analyzed for 
energy conservation balance when operating attemperatures 
TTT and the system is at thermal equilibrium; 
I0085 FIG. 8B is a schematic representation defining the 
system boundaries/control Volume for any concentric-tube 
type ground heat exchanging (GHE) system, being analyzed 
for energy conservation balance as illustrated in FIG. 8A: 
I0086 FIG. 8C is a schematic representation defining the 
system boundaries/control Volume for any U-tube ground 
heat exchanging (GHE) system, being analyzed for energy 
conservation balance when operating at temperatures 
TTT and the system is at thermal equilibrium; 
I0087 FIG. 8D is a schematic representation of an energy 
conservation balance conducted for any U-tube ground heat 
exchanging system, being analyzed for energy conservation 
balance when operating attemperatures TTT and the 
system is at thermal equilibrium; 
I0088 FIG. 8E is a schematic representation defining the 
system boundaries/control Volume for the ground loop water 
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pumping and heating module of the GHE performance testing 
instrument of the present invention, being analyzed for 
energy conservation balance, depicted in FIG.8F, when oper 
ating attemperatures TTT and the system is at ther 
mal equilibrium; 
0089 FIG. 8F is a schematic representation of an energy 
conservation balance conducted for the ground loop water 
pumping and heating module of FIG. 8E, when operating at 
temperatures TTT and the system is at thermal equi 
librium; 
0090 FIG.8G is a schematic representation of an energy 
conservation balance conducted for any "real” concentric 
tube or U-tube ground heat exchanger (GHE) system when 
operating attemperatures TzTaT the system is at ther 
mal equilibrium; 
0091 FIG. 8H is a schematic representation of an energy 
conservation balance conducted for any “ideal” concentric 
tube or U-tube ground heat exchanger (GHE) system when 
operating at temperatures TzT-T and the system is at 
thermal equilibrium; 
0092 FIG. 8I is a definition of heat transfer efficiency 
(HTE) for any concentric-tube or U-tube ground heat 
exchanger (GHE) based on the measured enthalpy of water 
entering and leaving the ground heat exchanger (GHE); 
0093 FIGS.9A1 and 9A2, taken together, provide a sche 
matic representation of the graphical user interface (GUI) 
component of the spreadsheet enthalpy-based GHE perfor 
mance calculator program of the present invention, used to 
calculate the actual heat transfer rate (HTR), flow work rate 
(FWR), energy efficiency ratio (EER) and the heat transfer 
efficiency (HTE) energy-based performance figures for a 
ground heat exchanger (GHE) installation under performance 
testing: 
0094 FIG.9B is a table listing the specific enthalpy (h) 
values of Sub-cooled water over a particular range of pressure 
and temperature values, expressed in units of BTUs/lbm: 
0095 FIGS. 10A through 10I, taken together, provide a 
flow chart describing the primary steps of the method of 
measuring the energy performance of a ground heat 
exchanger (GHE) installation, during a GHE performance 
test conducted using the Portable Enthalpy-Based GHE Test 
Instrumentation System shown in FIGS. 1A through 2G: 
(0096 FIG. 11A is a GHE Performance Chart (Q. vs.T.) 
for constant values of volumetric flow rate v within the oper 
ating limits of the performance test; 
(0097 FIG. 11B is a GHE Performance Chart (Q. vs. 
AT) for constant values of volumetric flow rate V within 
the operating limits of the performance test; 
(0098 FIG. 11C is a GHE Performance Chart (W vs. 
T) for constant values of volumetric flow rate V within the 
operating limits of the performance test; 
(0099 FIG. 11D is a GHE Performance Chart (EER. vs. 
T) for constant values of volumetric flow rate V within the 
operating limits of the performance test; 
10100 FIG. 11E is a GHE Performance Chart (HTE. vs. 
T) for constant values of volumetric flow rate v within the 
operating limits of the performance test; 
0101 FIG. 12A is a performance chart plotting a GHE 
Performance Chart (Q. vs. V.) for constant values of inlet 
water temperature T, within the operating limits of the per 
formance test; 
10102 FIG. 12B is a GHE Performance Chart (W vs. 
V) for constant values of inlet water temperature T, within 
the operating limits of the performance test; 
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(0103 FIG. 12C is a GHE Performance Chart (EER. vs. 
V) for constant values of inlet water temperature T, within 
the operating limits of the performance test; 
(01.04 FIG. 12D is a GHE Performance Chart (HTE. vs. 
V) for constant values of inlet water temperature T, within 
the operating limits of the performance test; 
0105 FIG. 13A through 13D, taken together, sets forth a 
flow chart describing the steps of the method of engineering a 
ground loop heat exchanging (GLHE) subsystem formedium 
and large scale geothermal system; 
0106 FIG. 14 is a schematic diagram of a geothermal 
system of the present invention employing a concentric-tube 
type GLHE subsystem interfaced with the geothermal equip 
ment (GTE) of a building, using a plate heat exchanger (PHE) 
to establish a first hydraulic loop between the GTE and the 
PHE and a second hydraulic loop between GLHE and the 
PHE, and wherein the volumetric flow rate within the second 
hydraulic loop is typically at least two or more times greater 
than the volumetric flow rate within the first hydraulic loop, 
and the PHE exchanges heat energy between the first and 
second hydraulic loops in a highly efficiently manner so that 
the GLHE will be operated at inlet water temperatures that 
enable maximum heat transfer rate (HTR) performance when 
the GTE is fully loaded; 
0107 FIG. 15A is a schematic representation of a first 
completed geothermal heat pump system including a ground 
loop heat exchanging (GLHE) subsystem employing a pair of 
ground heat exchangers (GHEs) installed in the loop field and 
connected together via underground piping to a geothermal 
heat pump and associated ground loop water pumps, and 
showing an Enthalpy-Based Ground Loop Performance 
Monitoring Module of the present invention, mounted within 
the pump room of a building in which the completed geother 
mal heat pump system has been installed and is operating, in 
cooperation with its air handling Subsystem, under the control 
of the central environmental control system of the building: 
0.108 FIG. 15B is a block schematic diagram showing the 
primary components in the enthalphy-based ground loop per 
formance monitoring module of the present invention, shown 
in FIGS. 15A and 16; 
0109 FIG. 15C is a schematic representation defining the 
system boundaries/control Volume for the completed geo 
thermal heat pump system and associated GLHE Subsystem 
of FIG. 15A, being analyzed for energy conservation balance 
when operating attemperature TzTaT and the system is 
otherwise in a state of thermal equilibrium or quasi-equilib 
1. 

0110 FIG. 16 is schematic representation of a second 
completed geothermal heat pump system including a ground 
loop heat exchanging (GLHE) subsystem employing five 
ground heat exchangers (GHEs) installed in the loop field and 
connected together via underground piping and manifolds to 
the ground loop water pumps of five geothermal heat pumps, 
and showing an Enthalpy-Based Ground Loop Performance 
Monitoring Module of the present invention configured to 
monitor and record the performance of the GLHE subsystem 
during geothermal system operation; 
0111 FIG. 17 is schematic representation illustrating mul 
tiple of Portable Enthalpy-Based GHE Performance Test 
Instrumentation Systems being used to measure incremental 
changes in deep Earth temperature about a ground heat 
exchanger (GHE) installation, in response to thermal influ 
ences from the thermal loads of neighboring ground heat 
exchanger (GHE) installations; and 
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0112 FIGS. 18A and 18B set forth a flow chart describing 
the steps of the method for detecting, measuring and record 
ing incremental changes in the deep Earth temperatures in a 
planned ground loop field. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATIVE EMBODIMENTS OF THE 

PRESENT INVENTION 

0113 Referring to the figures in the accompanying Draw 
ings, the various illustrative embodiments of the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System, and GHE performance testing method of the present 
invention, will be described in great detail, wherein like ele 
ments will be indicated using like reference numerals. 

Considering The Various Factors Impacting The Heat Trans 
fer Rate (HTR) Performance Of Any Ground Heat Exchanger 
(GHE) Installed At Any Ground Loop Test Site 

0114. Before specifying the GLE Process and GHE Per 
formance Test Instrument of the present invention 1 in greater 
detail, it will be helpful to consider the various factors which 
impact the heat transfer rate (HTR) performance of any 
ground heat exchanger (GHE) 2 installed at any ground loop 
test site, measured in BTU/hr. Understanding these factors 
will help the engineers quickly master the particular require 
ments of the GLE Process and the GHE Performance Test 
Instrumentation. 

0115 Below is a list of factors impacting the heat transfer 
rate (HTR) performance of any GHE installation, Q. 
regardless of where it is installed on Earth: 
0116 (1) the Thermal Potential Difference or TPD 
(AT-T-TTPD) driving the GHE installation 
2 during heat transfer operation, where T is the inlet water 
temperature entering the GHE, and where T is the average 
deep Earth temperature immediately Surrounding the bore 
hole 3 in which the GHE is installed; 
0117 (2) the volumetric flow rate of water W passing 
through the GHE installation during cooling and heating 
modes of heat transfer operation; 
0118 (3) the heat transfer properties of the heat exchang 
ing fluid (i.e. water) circulated through the GHE installation; 
0119 (4) the thermal conductivity properties associated 
with GHE components and its thermo-fluidic functions sup 
ported along its inner and outer flow channels; 
0120 (5) the thermal conductivity properties of the deep 
Earth environment 5 surrounding the GHE borehole along its 
Vertical length; 
0121 (6) the hydro-geological conditions Surrounding the 
GHEborehole, including the presence or absence of aquifers, 
and other sources of underground water flowing across or 
through the borehole; and 
0122 (7) the volumetric heat capacity of the GHE instal 
lation and its Surrounding deep Earth environment, and the 
thermal diffusivity characteristics of the deep Earth environ 
ment in which multiple GHEs are installed and connected 
together to construct a GLHE Subsystem at the ground loop 
field site. 

0123 Below, the above factors will be considered in the 
context of a long felt need for new and improved ways of 
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rationally engineering high-efficiency GLHE Subsystems 
(i.e. “ground loops') in diverse deep Earth environments. 

The Driving TPD Across The GHE Installation 
0.124. The Driving TPD is the total thermal potential dif 
ference (TPD) between theinlet water temperature T and the 
deep Earth temperature T, and represents the total magni 
tude of thermal potential energy difference that is available to 
drive a GHE installation when connected to geothermal 
equipment (GTE), and also during performance testing 
operations at particular test site. A low value for Driving TPD 
signifies that the GHE is driven by inlet water temperature 
having with a temperature state that is to drive the transfer 
heat energy with the deep Earth environment. The larger the 
driving TPD, the more likely the GHE will respond by 
exchanging heat energy with the deep Earth environment, 
depending on the overall Total Thermal Conductance of the 
GHE BTU/Hr-F, as defined in FIG. 11B. 
(0.125. The Performance Test Method of the present inven 
tion makes extensive use of the Driving TPD function. Also, 
the GHE Performance Test Instrument 1, that is used to prac 
tice the Method, controls this test variable, by controlling the 
inlet water temperature T, during performance testing opera 
tions. A basic assumption made is that the average deep Earth 
temperature T does not change significantly during such 
performance testing operations, to influence energy calcula 
tions supported by the Performance Test Instrumentation 1. 
0.126 By controlling the inlet water temperature param 
eter T, during performance testing operations, the Perfor 
mance Test Instrument 1 is capable of testing any GHE instal 
lation across and at the edge of its full range of operation— 
determined by the geothermal equipment (GTE) selected for 
use with the GLHE subsystem under design. 
I0127. It is also well known that the average deep Earth 
temperature Tabout any given GHE can increase over time, 
i.e. in response to thermal loading caused by the injection 
and/or extraction of thermal energy from a densely populated 
ground loop field, in which multiple GHEs are spaced 15 feet 
or less apart from each other. Thus, to significantly reduce the 
thermal influence between neighboring GHE installations, 
across the 300 deep Volumetric expanse of any ground loop 
field, the GLE Process adopts a general design rule on GHE 
spacing, namely: that each and every GHE shall be installed 
in vertical boreholes that are spaced at least 20 feet apart from 
each other, and greater than 20 feet whenever and wherever 
possible. Also, this spacing requirement simplifies the ground 
loop sizing process by reducing the thermal influence effects 
of neighboring GHE installations. 

The Heat Transfer Properties And Volumetric Flow Rate Of 
Water Flowing Through The GHE Installation 

I0128. As water is the heat transferring medium in the GHE 
system, both the inlet temperature and volumetric flow rate of 
water entering the GHE directly influence how much heat 
energy is carried by the water through the GHE, for exchange 
with its deep Earth environment, on a rate basis. Like any heat 
exchanger, if the water flows too slowly through the GHE, 
then the heat transfer rate will be less than its capacity for a 
given temperature differential across its heat transferring Sur 
faces. Also, if the water flows too quickly through the GHE, 
then the heat transfer rate will also be less than its capacity for 
a given temperature differential across its heat transferring 
Surfaces. 
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0129. Thus, when attempting to optimize the heat transfer 
rate across any GHE installation, it is very useful to know 
what specific rate of heat transfer will result between water 
flowing through the GHE installation and its deep Earth envi 
ronment when a particular value of thermal potential differ 
ence (TPD) drives the heat transfer surfaces of the GHE 
installation, while water flows through the GHE installation 
at a specific volumetric flow rate. 
0130. The purpose of the GHE Performance Test Instru 
ment and Method of the present invention is to test the per 
formance of any GHE installation, under precisely controlled 
test conditions maintained at the ground loop test site, so that 
Such performance characteristics can be plotted and used to 
optimally design any size GLHE Subsystem, to be con 
structed anywhere on Earth. Illustrative examples of such 
performance characteristics are shown in the GHE Perfor 
mance Charts presented in FIGS. 11A through 11E and 12A 
through 12D. 

The Thermal Conductivity Properties Associated With GHE 
Components And The Deep Earth Environment, And The 
Hydro-Geological Conditions Surrounding The Deep Earth 
Borehole Environment 

0131. As expected, the thermal conductivity properties 
associated with particular components (i.e. inner and outer 
tubes) of the GHE, and its thermo-fluidic functions (i.e. con 
trolled laminar and turbulence along its inner and outer flow 
channels) have a direct influence on the heat transfer rates 
supported between water flowing through the GHE, and its 
deep Earth borehole environment. Thus, by design, the ther 
mal and mass transfer characteristics of the GHE system 
should be selected so that the rate of heat transfer rate Btu/hr) 
or Ton between water flowing through the GHE and its deep 
Earth environment, is optimized over its range of operation. 
0132 Also, it is well known that thermal conductivity 
properties of the deep Earth environment, Surrounding any 
vertically installed GHE, will influence the rate of heat trans 
fer between the GHE and the deep Earth environment. Also, 
these thermal conductivity properties typically vary along the 
entire length of most boreholes, and are determined by the 
actual geological conditions existing at the particular ground 
loop test site. Thus, the ground loop engineers have no control 
over the thermal conductivity properties of the deep Earth 
environment in which GHEs might be installed around the 
Earth. 

0133. Likewise, the hydro-geological conditions sur 
rounding the deep Earth borehole environment will influence 
the rate of heat transfer between any GHE and its deep Earth 
environment. As general rule, the greater the presence of 
water in, about and through the borehole region of any GHE 
installation, the greater will be the rate of heat transfer 
between the water flowing through the GHE installation and 
its deep Earth environment. However, like other factors, the 
ground loop engineers have no control over the hydro-geo 
logical conditions of deep Earth environments in which 
GHEs might be installed. 

In Search Of A Better And More Rational Way Of Designing 
High-Efficiency GLHE Subsystems 

0134 Clearly, ground loop engineers are faced with many 
unknowns and many unknowable's when designing any 
GLHE Subsystem, and many factors influencing the heat 
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transfer rate between each GHE and its deep Earth environ 
ment fall far outside their control and into the hands of nature. 

0.135 Also, over the past thirty-five or more years, the task 
of sizing and designing a GLHE Subsystem for a particular 
geothermal application has evolved into the use of complex 
PC-based ground-loop simulation software systems. The 
underlying thermodynamic models in these systems are 
based on the use of g-functions and the principle of Superpo 
sition of thermal potential functions over space and time 
across a ground loop test site. Such ground loop field simu 
lation systems require numerous inputs, including soil forma 
tion thermal conductivity estimates expressed in units of 
BTU/hr-ft- F., and the average thermal diffusivity for the 
soil formation expressed in units offt/day. Typically, these 
parameters are estimated through In Situ (Soil) Formation 
Thermal Conductivity Testing, and Data Analysis, using the 
line source method LS(5), Oak Ridge National Labs (ORNL) 
numerical, and ORNL line source methods. 
0.136 Clearly, conventional (Soil) Formation Thermal 
Conductivity Testing does not measure the actual perfor 
mance of a GHE installation at a particular ground loop test 
site, driven across and to the edge of its operating limits— 
specified by the manufacturer of the geothermal equipment 
(e.g. chillers, heat pumps, etc) to which the finally con 
structed GLHE subsystem will be connected. 
0.137 Also, such conventional ground loop field simula 
tion tools and design methods do not provide a simple and 
reliable way of empirically testing the heat transfer rate per 
formance of any particular ground loop field configuration, 
once actually constructed at the ground loop test site. 
0.138. In view of the various factors influencing the rate of 
heat transfer in GHES, and more particularly the fact that most 
of these factors are outside the sphere of control of the ground 
loop engineer, there is a great need a new and improved 
method of rationally designing GLHE Subsystems, based on 
Scientific in situ heat transfer rate measurement principles and 
techniques that provide a new level of efficiency, performance 
and accountability. 
0.139. Such an approach, taught therein about the Perfor 
mance Test Instrumentation and Methods of the present 
invention, recognizes at the onset, two simple facts about 
Applicant's coaxial-flow GHE technology disclosed in U.S. 
Pat. Nos. 7.345,753, (as well as U-tube and any other water 
loop based GHE technology) and that is: 
0140 (1) that all of the above described “factors' cooper 
ate together and contribute to the Total Thermal Conductance 
of any GHE installation, K, as seen from the inlet and 
outlet ports of its header/distributor, and defined in FIG. 11B: 
and 

I0141 (2) that the heat transfer rate Q supported 
between water flowing through the GHE installation and its 
deep Earth environment, is the natural response of the GHE 
installation to the application of the Thermal Potential Dif 
ference (TPD) (between the inlet water temperature and the 
average deep Earth temperature) driving the GHE installa 
tion. 

0142. Thus, by driving the GHE installation over a con 
trolled range of inlet water temperatures while holding the 
Volumetric flow rate a constant during performance testing 
operations, it is possible to accurately measure the actual heat 
transfer rate (HTR) performance of the GHE test installa 
tion—using the enthalpy-based HTR techniques of the 
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present invention, and without knowledge of the many 
unknowns and unknowable parameters beneath the deep 
Earth environment. 
0143 And from such empirically determined values of 
HTR and controlled values of TPD (AT-T-T) to 
drive the GHE test installation, the Total Thermal Conduc 
tance of the GHE installation can also be measured for dif 

ferent values of TPD (AT-T-T) and Volumetric flow 
rate V, which are under the control of the engineers con 
ducting Such GHE performance Testing operations. 
0144. Based on the above, Applicant firmly believes when 
engineering any GLHE system with GHE technology in 
mind, engineers will achieve Superior results when using the 
GLE Process described herein. 
0145. In general, the GLE Process requires the following: 
0146 (i) first, directly and empirically measuring the 
actual heat transferrate (HTR) performance characteristics of 
a simple GHE Installation during highly-controlled perfor 
mance testing conditions that emulate a full range of thermal 
loading effects to be expected by the selected geothermal 
equipment (GTE) used to construct the geothermal system; 
0147 (ii) second, generating GHE Performance Charts 
from collected test data; and 
0148 (iii) third, using these Performance Charts to ratio 
nally determine (ii) number of GHES required to meet the heat 
transfer rate requirements of the geothermal system under 
design, as well as (ii) the required Volumetric flow rates 
required to support Such heat transfer rates on both sides of 
the geothermal system. 
014.9 The GLE process of the present invention will be 
described in greater technical detail hereinafter. 

Brief Overview On Designing and Constructing Geothermal 
Ground Loop Heat Exchanging (GLHE) Subsystems. Using 
The Performance-Based Ground Loop Engineering (GLE) 
Process of the Present Invention 

0150. The performance-based GLE process according to 
the principles of the present invention provides a practical 
way to engineer high-performance ground loop heat 
exchanging (GLHE) subsystems from component ground 
heat exchangers (GHES). It recognizes that all GHEs and 
GLHE subsystems follow basic principles of energy conser 
vation established by the laws of thermodynamics. It 
demands empirical knowledge of the actual heat transfer rate 
(HTR) performance of a GHE installation in its deep Earth 
environment, prior to designing and constructing a GLHE 
Subsystem employing the GHE as a system component. It 
also demands that such empirical knowledge be acquired 
using scientific principles that have helped engineers build 
fossil-fueled steam power plants, gas turbine jet engines, 
spark-ignition reciprocating engines, and liquid-fuel rockets. 
0151. The GLE Process of the present invention involves 
learning the following techniques: 
0152 (1) how to use the Portable Enthalpy-Based Ground 
Heat Exchanger (GHE) Performance Test Instrumentation 
System of the present invention, and its Enthalpy-Based GHE 
Performance Test Methods at ground loop test sites around 
the world; 
0153. 2) how to accurately and reliably measure the aver 
age deep Earth temperature T about any test site borehole, 
and four (4) important "energy performance characteristics 
of any GHE test installation, allowing for objective compari 
Sons against competing GHE technologies, installed at the 
same location; 
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0154 (3) how to design and construct high-performance 
ground loop heat exchanging (GLHE) subsystems, based on 
the actual energy performance measurements of a GHE test 
installation, taken at a ground loop test site using the Portable 
Enthalpy-Based Ground Heat Exchanger (GHE) Perfor 
mance Test Instrumentation System and Methods of the 
present invention; 
0155 (4) how to test and tunean GLHE subsystem after it 

is installed and operating with its geothermal heat pump, 
chiller and/or HVAC equipment; and 
0156 (5) how to monitor and record the energy perfor 
mance characteristics of GLHE subsystems during the life 
time of the geothermal systems to which they are connected. 
0157. It is appropriate as this juncture to concisely review 
the four “energy performance measurements’ taken by the 
Portable Enthalpy-Based Ground Heat Exchanger (GHE) 
Performance Test Instrumentation System of the present 
invention, when carrying out a performance test on any 
ground heat exchanger (GHE) installation, in accordance 
with the GLE Process. 
0158. The first energy performance measurement is the 
Heat Transfer Rate (HTR) of any ground heat exchanger 
(GHE) installation, measured in units of BTU/Hr, and based 
on the volume/mass flow rate and the inlet and outlet tem 
perature and pressure of water flowing through the ground 
heat exchanger during performance testing operations. 
0159. The second performance figure is the Flow Work 
Rate (FWR) of any GHE installation, measured in units of 
BTU/Hr, and based on the specific volume of water, the 
mass flow rate through the GHE, and the inlet and outlet 
pressure of water flowing through the GHE during perfor 
mance testing operations. 
0160 The third performance figure is the Energy Effi 
ciency Ratio (EER) of any GHE installation, measured in 
dimensionless units, and equal to the ratio of the empirically 
(i.e. experimentally) measured HTR and FWR of the GHE 
installation during performance testing operations. Essen 
tially, the EER for a GHE, as well as a GLHE subsystem, is its 
coefficient of performance (COP) measure, based on the ratio 
of desired (heat) output BTU/Hr to the required work (en 
ergy) input BTU/HR). 
0.161 The fourth performance figure is the Heat Transfer 
Efficiency (HTE) of any GHE installation, measured in 
dimensionless units, and equal to the ratio of (i) the actual real 
(empirically-determined) enthalpy difference between the 
inlet and outlet ports of the GHE when input and outlet water 
temperatures are unequal and in thermal equilibrium, to (ii) 
the ideal enthalpy difference between the inlet and outlet 
ports of the GHE when outlet water temperature is equal to 
and in thermal equilibrium with the deep Earth temperature 
about the GHE installation. 
0162 For any scale geothermal project, a performance 
based method is recommended to design and construct 
ground loop Subsystems. This method involves first installing 
at least one GHE in the deep Earth environment at the ground 
loop field test site, where its actual heat transfer rate (HTR), 
flow work rate (FWR), energy efficiency ratio (EER) and heat 
transfer efficiency (HTE) energy performance characteristics 
are then measured—using the Portable Enthalpy-Based Test 
Instrumentation System and Method of the present invention. 
0163 Then, these enthalpy-based performance figures are 
plotted as a function of inlet water temperature T, for dif 
ferent values of constant volumetric waterflow rate v through 
the GHE installation, to generate a first set of GHE Perfor 
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mance Charts revealing actual performance characteristics of 
the GHE in its installation environment. Also, these enthalpy 
based performance figures are plotted as a function of Volu 
metric water flow rate v through the GHE installation, for 
different values of constant water inlet temperature T into 
the GHE installation, to generate a second set of GHE Per 
formance Charts, revealing actual performance characteris 
tics of the GHE in its installation environment. 
0164. These Performance Charts are then used by engi 
neers to size, design and construct a ground loop heat 
exchanging (GLHE) subsystem at the test site, based on the 
actual performance characteristics of the GHE, empirically 
determined for the specific ground loop field test site under 
testing and analysis. 
0.165. When practicing the method of the present inven 

tion, it will advantageous to use of the Portable Enthalpy 
Based GHE Performance Test Instrumentation System shown 
in FIGS. 1A through 4D, and Enthalpy-based GHE Perfor 
mance Test Method described in FIGS. 10A through 10, to 
perform in situ energy-based performance measurements on 
any type of GHE installation at a specified ground loop field 
test site. 
0166 It is appropriate at this juncture to briefly describe 
the performance-based GLE) process of the present invention 
when using a high-performance concentric-tube turbulence 
generating ground heat exchanger (GHE) technology, such as 
taught in U.S. Pat. Nos. 7,343,753; 7.347,059; 7,363,769; 
7.370,488; 7.373,785; and 7,377,122 to Applicant, whenever 
designing and constructing a GLHE Subsystem of any size, at 
any location where there is empirical knowledge that the deep 
Earth environment has low or moderate levels of ground 
Water. 

0167 Before discussing the details of the GLE Process, it 
will be helpful to consider the factors which impact the heat 
transfer rate performance of any GHE, and then provide a 
brief overview of the GLE Process for geothermal system 
projects, below. 

Overview Of The Performance-Based Ground Loop Engi 
neering (GLE) Process Of The Present Invention 
(0168 As explained briefly above, the GLE Process 
involves the use of concentric-tube type GHE technology 
whenever designing and constructing a GLHE Subsystem of 
any size, at any location where there is empirical knowledge 
that the deep Earth environment has an average deep Earth 
temperature of about 65°F. or higher, and/or low or moderate 
levels of ground water. 
0169. When designing and constructing a GLHE sub 
system for a geothermal system having thermal loads of less 
than 15 Tons and deep Earth temperatures less than about 65° 
F., then the GLE Process Suggests a Library-based design 
method using “average' empirically-determined heat transfer 
rates (HTR) for particular size GLE products. This method 
greatly simplifies the sizing of small-scale GLHE sub 
systems, without the use of GHE performance testing on the 
test site. 
0170 However, when designing and constructing a GLHE 
Subsystem for a geothermal system having thermal loads of 
15 or more Tons or in deep Earth environments having aver 
age deep Earth temperatures greater than 65° F., then the GLE 
Process also involves in situ GHE performance the Perfor 
mance Test Instrument to measure the actual HTR, FWR, 
EER/COP and HTE performance figures for any GHE test 
installation. 
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0171 Before discussing the details of the GLE Process, it 
will be helpful to provide at this juncture a brief overview of 
the GLE Process below. 
0172 In accordance with standard systems engineering 
principles, the GLE Process of the present invention can be 
decomposed into four (4) distinct phases, namely: Analysis; 
Design; Implementation/Construction; and Testing. Each of 
these phases will be described in greater detail below. 

Analysis Phase Of The GLE Process 
0173 (1) Analyze and determine the peak and block ther 
mal load requirements for the building during both heating 
and cooling season, using conventional building load model 
ing tools and techniques. 
0.174 (2) Select candidate geothermal equipment for 
implementing the geothermal system, including the selection 
of geothermal heat pump, chiller, and/or HVAC equipment 
capable of meeting the thermal load requirements of the geo 
thermal system project. 
0.175 (3) Determine the maximum and minimum operat 
ing limits of the candidate geothermal equipment, e.g. maxi 
mum and minimum entering water temperature (EWT) into 
the GHE and leaving water temperature (LWT) from the 
GHE, and volumetric water flow rates supported by the geo 
thermal equipment. 
0176) Determining the maximum and minimum entering 
water temperature (EWT) into the GHE and leaving water 
temperature (LWT) from the GHE involves carefully review 
ing the geothermal equipment manufacturer's specification 
sheets, operating instructions, manuals and other documents 
to determine (i) the maximum and minimum entering water 
temperature (EWT) into the GHE, the leaving water tempera 
ture (LWT) from the GHE, and (ii) the minimum and maxi 
mum Volumetric water flow rates through the geothermal 
equipment (GTE) and the GLHE subsystem. Only by deter 
mining these operating limits T(min),T(max), set on the 
geothermal equipment manufacturer, can engineers properly 
test a GHE installation, and rationally design and construct 
the GLHE subsystem for the geothermal system. 
(0177 (4) Visit the Test Site where the GLHE subsystem 
will be constructed, and install at least one GHE in the deep 
Earth environment for performance testing. 
0.178 (5) Connect a Performance Test Instrument to the 
GHE installation as shown in FIGS. 1B through 2B and 
described herein, and then conduct a Performance Test on the 
GHE installation in accordance with the GHE Performance 
Test Method specified in FIGS. 10A through 10I, and collect 
Test Data. 

(0179 (6) From the collected Test Data, generate a Perfor 
mance Test Report including the GHE Performance Charts 
illustrated in FIGS. 11A through 12D, measured at specified 
conditions closely matching operating conditions of geother 
mal heat pump or chiller equipment selected for the geother 
mal system design. 
0180. Mathematical models and methods used to derive 
all formulas used in Such energy-based performance calcula 
tions are set forth hereinafter. 

Design Phase Of The GLE Process 
0181 (7) Based on the Thermal Load Requirements of the 
Geothermal System Project and the GHE Performance Test 
Report, select geothermal heat pump and/or chiller equip 
ment with which to design and construct a GLHE subsystem 
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for installation on the Test Site and which will meet the 
Thermal Load Requirements of the Geothermal System 
Project. 
0182 (8) Design a GLHE subsystem for the Geothermal 
System Project as described herein, using: 
0183 (i) The Thermal Load Requirements of the Geother 
mal Project; 
0184 (ii) The Performance Charts contained in the GHE 
Performance Test Report; 
0185 (iii) The selected geothermal heat pump, chiller and/ 
or HVAC equipment; and 
0186 (iv) Piping, pumps, valves, manifolds, materials and 
standards. 

Implementation/Construction Phase Of The GLE Process 
0187 (9) Construct the designed GLHE subsystem on the 
Test Site. 
0188 (10) Set up, operate and tune the GLHE subsystem 
for optimum performance 
Testing Phase Of The GLE Process (11) Install a Ground 
Loop Performance Monitoring Module on the GLHE sub 
system, and monitor and record its performance during the 
lifetime of the geothermal system to which it is connected. 
0189 (12) Determine how closely the actual performance 
characteristics of the constructed GLHE subsystem match the 
predicted performance characteristics of the GLHE sub 
system design. 
0.190 (13) Based on any discrepancies observed or 
detected above, inform the Analysis and Design Phases of the 
GLE Process and make any necessary modifications to the 
GLHE subsystem design and bring the GLHE subsystem 
construction in conformity with the modified design, and 
resume testing and the process until the GLHE subsystem 
performs as required to meet the heat transfer requirements of 
the geothermal system. 
0191) With this overview, we are now ready to describe in 
greater detail, the Portable Enthalpy-Based GHE Perfor 
mance Test Instrumentation System of the present invention, 
and the Method Of Enthalpy-Based GHE Performance Test 
ing, which it Supports at any ground loop test site. 

The Portable GPS-Based Enthalpy-Based Ground Heat 
Exchanger (GHE) Performance Test Instrumentation System 
And Network Of The Present Invention, And Method of GHE 
Performance Testing. In Accordance With the Principles of the 
Present Invention 

(0192 FIGS. 1A and 1B show a globally-extensive, 
Mobile-Wireless GPS-Tracking Ground Heat Exchanger 
(GHE) Performance Test Instrumentation Network 10 com 
prising a plurality of wireless Portable GPS-Based Enthalpy 
Based GHE Performance Test Instrumentation Systems 1 as 
described hereinbelow. In the illustrative embodiment shown 
in FIGS. 1A and 1B, the Portable GPS-Based GHE Perfor 
mance Test Instrumentation System 1 is shown connected to 
a generalized ground heat exchanger (GHE) 2 installed in a 
borehole 3 drilled in the deep Earth environment 4. Such 
ground heat exchangers can be closed-loop concentric-tube 
(i.e. coaxial-flow) type ground heat exchangers as disclosed 
in U.S. Pat. Nos. 7,343,753; 7,347,059; 7,363,769; 7,370, 
488; 7,373,785; and 7,377,122; HDPE U-tube type heat 
exchangers; open standing column well the ground heat 
exchangers; and other ground heat exchanger technologies 
known in the art. 
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0193 As shown, the Portable GHE Performance Test 
Instrumentation System 1 delivers a heat energy carrying 
fluid. Such as water, 5 into the ground heat exchanger 2, the 
deep Earth environment exchanges heat with the heat energy 
carrying fluid, and water output from the ground heat 
exchanger is returned to the HTR test system for reheating, 
along the ground test loop. As shown, the thermal properties 
for the input water stream T. are input mass flow rate rin, 
input waterpressure P, input water temperature T, and input 
specific enthalpy h, which is a function of input water pres 
Sure P, and input water temperature T. The thermal prop 
erties for the output water stream are output mass flow rate 
in output water pressure P output water temperature 
T, and specific enthalpy h, which is a function of output 
water pressure P and output water temperature he well 
known in the field of water thermodynamics. 
(0194 In general, the Portable GHE Performance Test 
Instrumentation System 1 can be used to perform in situ heat 
transfer rate (HTR) performance measurements on any type 
of geothermal ground heat exchanger, described above. Two 
illustrative examples are given in FIGS. 4A through 4D: a 
closed-loop concentric-tube (i.e. coaxial-flow) type ground 
heat exchanger shown in FIGS. 4A through 4C; and a U-tube 
type GHE shown in FIG. 4D. 
(0195 In FIG. 1A, an illustrative embodiment of the Por 
table GHE Performance Test Instrumentation System 1 is 
shown connected to a closed-loop concentric-tube (i.e. 
coaxial-flow) type ground heat exchanger, installed in a bore 
hole drilled in the deep Earth environment. As shown, the 
concentric-tube type ground heat exchanging system 2 is 
filled with an aqueous-based heat transfer fluid, that is con 
tained and circulated within a sealed underground concentri 
cally-arranged (coaxial-flow) tube assembly. In the design 
disclosed in U.S. Pat. No. 7,343,753, both laminar and turbu 
lent fluid flows are employed within the tube assembly, to 
efficiently and safely transfer heat energy between the geo 
thermal heat pump unit and the Earth's crust, all year round, 
in a highly efficient, economical and environmentally-safe 
manner. Typically, the concentric-tube type ground heat 
exchanging system is installed in a six (6) inch diameter 300 
feet deep vertical borehole, but the borehole length may vary 
from installation to installation. Multiple ground heat 
exchangers of this design can be installed in 300 foot bore 
holes, spaced at 20 feet apart, and connected together with 
conventional piping below the frost-line, to meet the heat 
transfer rate requirements of any size geothermal heat pump 
or geothermal chiller project. 
0196. As shown in FIGS. 1A and 1B, each such Portable 
GHE Performance Test System is connected to a ground heat 
exchanger (GHE) installation, and is capable of monitoring 
and logging GPS-indexed performance test data on the 
installed ground heat exchanger, and transmitting Such per 
formance test data from the Portable Test System to a 
remotely situated RF transceiver station 5, operably con 
nected to a remote data logger/recorder and database server 6. 
In turn, the remote data logger/recorder and database server 6 
is operably connected to the infrastructure of the Internet 7, in 
a conventional manner 

(0197). One or more GPS satellites 8 from a GPS system 
transmit GPS signals which are received and processed by a 
GPS transceiver/processor in each GPS-Based Enthalpy 
Based GHE Performance Test System 1, to resolve its loca 
tion using GPS techniques well known in the art. Remote 
client systems 9, running the Spreadsheet Enthalpy-Based 

data 
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GHE Performance Calculator of the present invention can 
access and import logged and recorded test data from the 
database server 6, and then calculate the energy performance 
figures (e.g. HTR, FWR, EER and HTE) using the Spread 
sheet Enthalpy-Based GHE Performance Calculator. 
0198 Alternatively, the functionalities of the Spreadsheet 
Enthalpy-Based GHE Performance Calculator can be inte 
grated into the database server 6, allowing remote client sys 
tems 9 to use a Web-based browser to directly access calcu 
lated HTR, FWR, EER and HTE performance figures on a 
particular ground heat exchanger test installation. 
(0199. Using the GHE Performance Test Instrumentation 
Network 10 shown in FIGS. 1A and 1B, ground loop engi 
neers and hydro-geologists working together can easily cre 
ate a GPS-indexed heat transfer rate (HTR) performance 
database 6 using empirically obtained heat transfer rate 
(HTR) performance Surveys taken using a closed-loop con 
centric-type ground heat exchanger and GPS-tracking 
enthalpy-based HTR performance test instrumentation. By 
doing so, geothermal engineers have empirical knowledge of 
the potential capacity of specific regions of Earth mass to 
exchange heat energy with Such types of ground heat 
exchangers, based on Scientific research and empirical inves 
tigation. Also, using the Instrumentation Network of FIG.1B, 
ground loop engineers and others can easily create a GPS 
indexed heat transfer rate (HTR) performance database 6, by 
combining empirical heat transfer rate (HTR) measurements 
with spatially corresponding hydro-geological measure 
ments of underground ground water conditions. 
0200. In FIG. 4D, the Portable GHE Performance Test 
Instrumentation System 1 is shown connected to a conven 
tional-based U-Tube heat exchanger 2, installed in a borehole 
3 drilled in the deep Earth environment. As shown, the 
U-Tube type ground heat exchanging system is filled with an 
aqueous-based heat transfer fluid, that is contained and cir 
culated within a sealed HDPE U-tube configuration, installed 
in a borehole that is filled with grouting, that may have ther 
mally enhanced properties. Typically, a U-Tube ground heat 
exchanger is installed in borehole of 4 to 6 inches in diameter, 
running in length from 100 feet up to 500 feet, and possibly 
deep in some applications. Multiple ground heat exchangers 
of this design can be installed in boreholes, also spaced at 20 
feet apart, and connected together with conventional piping 
below the frost-line, to meet the heat transfer rate require 
ments of a geothermal heat pump project. 
0201 As shown in FIGS. 2A-3L and 4A-4C, the Portable 
GHE Performance Test Instrumentation System 1 comprises 
a number of components, namely: water circulation pump 11 
associated with an electronic pump control module 11 for 
controlling the pump so that a predetermined quantity of 
water (i.e. heat transferring fluid) is circulated through the test 
ground loop at a controlled volumetric flow rate V (or mass 
flow rate rin) according to the test procedure period; a ground 
loop water heating module 13 consisting of a flow control 
tube assembly 14 having inlet and outlet flow channels 13A 
and 13B, containing a pair of parallel flow water heating 
Submodules 16, each having a pair of electrically-powered 
water heating elements, characterized by resistances R. R. 
and R. R. each rated to operate at output power values of at 
least 5.5 KW kilowatts; water temperature control module 
17 for Supplying electrical power to the heating elements (e.g. 
Supplied at the test site) so that the heating elements generate 
thermal energy and heat up the water pumped through the 
flow control tube assembly so that the inlet or entering water 
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temperature T is maintained at a constant input temperature 
measured in units of F. specified in accordance with the 
Test Method specified at FIGS. 10A through 10I; a volumet 
ric flow rate meter 18 for measuring in units of gallons/ 
minute the controlled volume flow rate W of water through 
the test ground loop, which is then converted to a correspond 
ing value of mass flow rate in within the instrument system; a 
pair of temperature transducers 19A, 19B, located on the 
interior surfaces of the inlet and outlet of the output ports of 
the apparatus, for measuring the inlet and outlet water tem 
perature values T, and T in units of F. at discrete peri 
odic sampling times; a pair of pressure sensors/transducers 
19C, 19D located on the interior surface of the inlet and 
output ports of the apparatus, for measuring the inlet and 
outlet water pressures P, and P in units of psig at discrete 
periodic sampling times during the performance test period; a 
GSM-enabled digital onboard logger/recorder 20 for logging 
and recording temperatures T, and T, pressures P, and 
P, and the volumetric flow rate of water V flowing along the 
test ground loop, for each measuring period (e.g. every 60 
seconds), and optionally transmitting Such logged/recorded 
GHE data to a remote transceiver station 5 (e.g. via WIFI, 
GSM, GPRS or other wireless protocol), that is interfaced 
with a remote data logging/recorder and database server 6 
which, in turn, is operably connected to the Internet infra 
structure, for remote access by one or more Web-enabled 
client computers 9, as shown in FIGS. 1A and 1B: a GPS 
transceiver and antenna 21, interfaced with the digital 
onboard data logger/recorder 20, for receiving GPS signals 
from GPS satellites 8 and computing the space-time position 
of the Portable GHE Performance Test Instrumentation Sys 
tem 1 at any instant in space-time within the GPS system; a 
Web-enabled onboard system computer 22 (e.g. universal 
digital controller) interfaced with a 3G/4G WIFI router 26 via 
a conventional communication interface (e.g. USB); a 
Spreadsheet Enthalpy-Based GHE Performance Calculator 
Program 23 illustrated in FIG. 15A, running on the wireless 
remote computer system 24; and an electrical grounding post 
27, for grounding the electrical conductivity components to 
Earth ground when configured and operating with an electri 
cal power Supply or source (e.g. electrical power generator) 
provided on the GHE performance test site. 
0202 The Web-enabled onboard system computer 22 (i.e. 
system controller) can be realized by a programmed micro 
processor having system and I/O buses, Supporting one or 
more of the following data communication interfaces: USB, 
Firewire, and Ethernet communication interfaces, through 
which the 3G/4G WIFI router 26 is interfaced. In general, the 
system computer 22 Supports multiple analog and digital 
signal inputs, and multiple communication protocols, for 
example: RS422/485, Ethernet 10Base-T TCP/IP. Modbus 
RTU, Ethernet 10Base-TTCP/IP Modbus, BacNet, and Lon 
works data communication protocols, as well as WIFI (802. 
11), infrared (IR) R100 remote communication protocol. 
Such communication protocols allows the system computer 
22 to communication with, control and monitor the various 
component devices (e.g. Subsystems) employed within the 
GHE performance test instrument system, as well as commu 
nicate with the remote computer system 24, RF transceiver 
station 5, server 6, remote client computers 9, and other 
computing devices operable connected to the Internet or other 
packet-based communication networks. 
0203 The system computer 22 performs a number of 
important functions, including: (i) controlling and managing 
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the operation of the enthalpy-based GHE Performance Test 
Instrumentation System during all phases of its performance 
test operations as specified in FIG. 10A through 10I; (ii) 
enabling the remote programming of test parameters (i.e. 
inlet temperature of water flowing into the GHE installation, 
and the volumetric flow rate of water flowing through the 
GHE installation) using a Web-based browser running on the 
remote computer system 24, in communication with system 
computer 22, over a wired or wireless communication link 
(e.g. Internet connection); and (iii) providing sufficient com 
munication interfaces to Support digital communication 
between the digital data logger/recorder 20 and the remote 
computer system 24, during performance test operations. 
During performance testing operations, the remote wireless 
computer system 24 can establish a communication link with 
the system computer 22, via the 3G/4G WIFI router 26, and 
periodically import blocks of test data logged and recorded by 
logger/recorder 20, into the Spreadsheet GHE performance 
calculator program 23, for processing and calculation of GHE 
performance measures of the present invention as shown in 
FIGS. 9A1 and 9A2, and display on the LCD panel of the 
remote computer system. Alternatively, the remote wireless 
computer system 24 can establish a direct communication 
link with logger/recorder 20, and periodically import blocks 
oftest data therefrom, into the Spreadsheet GHE performance 
calculator program 23, for processing and calculation of GHE 
performance measures of the present invention as shown in 
FIGS. 9A1 and 9A2, and displayed on the LCD panel of the 
remote computer system. 
0204. In the illustrative embodiment, a Web-browser or a 
Web-enabled application running on the remote computer 
system 24 is used to remotely program the test parameters 
(e.g. control variables) such as (TV) used during each 
GHE performance test, as specified in FIGS. 10A through 
10I, in accordance with the principles of the present inven 
tion. The control parameters specified in FIGS. 10A through 
10I are programmed into memory in the system computer 22. 
Using these parameters and the control process specified at 
Steps 8 through 26 in FIGS. 10C through 10F, the system 
computer 22 is programmed to automatically coordinate and 
control the GHE Performance Instrument System 1 so that the 
GHE performance testing process of the present invention 
(having thermal loading and unloading cycles) can be carried 
out in an automated (or semi-automated manner and remotely 
monitored using the remote computer system 24, which may 
be located anywhere on Earth, relative to the GHE test site, 
while in wireless digital communication with the wireless 
GHE Performance Test Instrument 1. In the preferred 
embodiment, remote computer system 24 is capable of gen 
erating, on a quasi-real-time, basis the GHE Performance 
Charts illustrated in FIGS. 11A through 11E and 12A through 
12D, as specified in Steps 27 through 39. 
0205. In FIGS. 1D, 2A, 2B, 3A, 3B and 3C, the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System 1 is shown comprising an assembly of components 
contained in a rugged high-impact plastic housing 30 having 
an upper housing portion 30B Supporting various compo 
nents, and a lower housing portion 30B containing a water 
heating, pumping and measuring assembly 14 shown in 
greater detail in FIGS. 3A, 3B an3C. 
0206. As shown in FIGS. 1C, 1D and 2A, the upper hous 
ing portion 30A includes a pair of apertures 30, through 
which flexible thermally-insulated inlet and outlet hoses are 
connected to the inlet and outlet ports of the apparatus 14, and 
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also the inlet and outlet ports of the GHE installation 2, shown 
in FIGS. 1B and 1C. During transport operations, these aper 
tures 30 are occluded via rubber plugs. Rubber plugs 32 are 
also used to close off the electrical power ports formed in the 
lower portion of the housing 30B, and leading to the power 
supply module 29 of the system. Through these ports, elec 
trical power cable extends between the power supply module 
29 and the electrical power supply (e.g. generator) 70 pro 
vided at the ground loop test site. Also, in the upper portion of 
the housing, an electrically-powered fan is provided for 
achieving ventilation through the housing when operated 
with its upper housing portion 30A is closed, as shown in 
FIGS. 1C, 1D and 2B. 

Portable Enthalpy-Based GHE Performance Test Instrumen 
tation System Of The Present Invention 

0207. As shown in FIG. 4A, the Portable Enthalpy-Based 
GHE Performance Test Instrumentation System shown in 
FIGS. 1A through 2B, operably connected to a concentric 
tube type geothermal ground heat exchanger, and showing its 
primary components, namely, a ground loop water pumping 
module with flow rate control, a ground loop water heating 
module with water temperature control module, a data logger/ 
recorder, a portable computer system interfaced with the data 
logger/recorder and running a spreadsheet enthalpy-based 
spreadsheet GHE performance calculator program, and a sys 
tem controller for remotely controlling the components of the 
enthalpy-based GHE Performance Test Instrumentation Sys 
tem, via a wireless communication link over the Internet or 
other network; 
(0208 Preferably, the Spreadsheet GHE Performance Cal 
culator Program illustrated in FIG. 15A has integrated a 
steam table for sub-cooled water over the range of measured 
temperature and pressure values, expected during testing 
operations. In the preferred embodiment of the present inven 
tion, this integrated steam table (partially) shown in FIG.9B 
contains the specific enthalpy of water, known as h f(p.T), 
defined as a function of temperature and pressure, in accor 
dance with the International Association for the Properties of 
Water and Steam (IAPWS) Industrial Formulation 1997, 
known as the “IAPWSIF97 Standard. 

(0209. The Spreadsheet GHE Performance Calculator Pro 
gram running on the portable computer system performs a 
number of functions, namely: (i) importing the logged-in 
temperature, pressure and mass (or Volume) flow rate data 
values; (ii) determining the input and output specific enthalpy 
values of water h, and he using measured water tempera 
tures and pressures T. P., and T. P. respectively, and the 
integrated Steam table for water; (iii) using the formula 
W. inv(P-P) derived hereinafter to calculate the 
actual flow work rate (FWR), W. W. (i.e. the rate of 
work actually performed by the ground loop pump to pump 
the water through the ground heat exchanger) at the con 
trolled Volume/mass flow raterin during steady-state tempera 
ture conditions T, TT, during performance testing 
operations, expressed in units of BTU/Hrand HP, and (iv) 
for each measuring period, using the enthalpy-based formula 
Q rin(h-h.) derived hereinafter to calculate the actual 
rate ofheatenergy transfer Q. being exchanged between the 
ground heat exchanging system and the deep Earth (at T) in 
units of BTUs/Hr; (v) using the formula 

of of 
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2chell (hout - hin) 
T v (P - P.) ERghe 

derived hereinafter to calculate the energy efficiency ratio 
(EER) for the ground heat exchanger indicating how many of 
units of thermal power BTUs/Hrare exchanged with the 
deep Earth by the ground heat exchanger for every one (1) 
unit of electrical power supplied to the electrically powered 
pump pushing/pulling water through the ground heat 
exchanger, using the formula 

hout (Tout, f 1 - 
hin (Tin, Pin) 

| hout (Tide, f 
hin (Tin, Pin) 

derived hereinafter to calculate the heat transfer (HTE) of any 
GHE installation, measured in dimensionless units, and equal 
to the ratio of (i) the actual real (empirically-determined) 
enthalpy difference between the inlet and outlet ports of the 
GHE when input and outlet water temperatures are unequal 
and in thermal equilibrium, to (ii) the ideal enthalpy differ 
ence between the inlet and outlet ports of the GHE when 
outlet water temperature is equal to and in thermal equilib 
rium with the deep Earth temperature about the GHE. 
0210. As will be shown in great detail hereinafter, the 
enthalpy-based formulas for Q, W, EER and HTE 
are derived from mathematical modeling of the ground heat 
exchanging (GHE) system, through the application of the 
First Law of Thermodynamics based on energy and mass 
conservation and balancing principles, well known in the 
fields of thermodynamics and thermal and mass flow engi 
neering. 

Developing A Mathematical Model For The Ground Heat 
Exchanging (GHE) System And Its Portable Enthalpy-Based 
GHE Performance Test Instrumentation System. In Accor 
dance With Thermodynamic Energy And Mass Conservation 
Principles 

0211. The first step to designing and developing the 
Enthalpy-Based GHE Performance Test Instrumentation 
System and method of the present invention, involves devel 
oping a mathematical model for the ground heat exchanging 
(GHE) system which will be connected to the system during 
performance test operations. To build a thermodynamic 
model for the system, one must first define the thermody 
namic "system’ which, in general, can be any quantity of 
matter upon which attention is focused for study. In the 
present invention, the thermodynamic system will be identi 
fied as the water mass flowing through the ground heat 
exchanger installed in the deep Earth (de) environment. 
Everything external to the system shall be called the thermo 
dynamic Surroundings, and the system is separated from the 
Surroundings by the system boundaries. The system bound 
aries may either be fixed or movable. In the present invention, 
there is a need to analyze the ground heat exchanger in ther 
modynamic terms, involving a flow of mass into and out of the 
underground heat exchanging device. The thermodynamic 
modeling process involves specifying a control Surface or 
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Volume, such as the heat exchanger tube walls, and mass, as 
well as that heat energy that may flow across the control 
Surface or Volume, during system operation. 
0212. In the field of thermodynamics, “systems' are clas 
sified as isolated, closed, or open, based on the possible 
transfer of mass and energy across the system boundaries. A 
control Volume is a fixed region in space chosen for the 
thermodynamic study of mass and energy balances for flow 
ing systems. The boundary of the control Volume may be a 
real or imaginary envelope. The control Surface is the bound 
ary of the control Volume. Anisolated system is one that is not 
influenced in any way by the Surroundings. This means that 
no energy in the form of heat or work may cross the boundary 
of the system. In addition, no mass may cross the boundary of 
the system. A closed system has no transfer of mass with its 
Surroundings, but may have a transfer of energy (eitherheator 
work) with its Surroundings. An open system is one that may 
have a transfer of both mass and energy with its Surroundings 
(i.e. mass, heat, and external work are allowed to cross the 
control boundary). 
0213 When a system is in equilibrium with regard to all 
possible changes in state, the system is in thermodynamic 
equilibrium. Steady state is that circumstance in which there 
is no accumulation of mass or energy within the control 
Volume, and the properties at any point within the system are 
independent of time. Whenever one or more of the properties 
of a system change, a change in the state of the system occurs. 
The path of the succession of states through which the system 
passes is called the thermodynamic process. One example of 
a thermodynamic process is increasing the temperature of a 
fluid while maintaining a constant pressure. Another example 
is increasing the pressure of a confined gas while maintaining 
a constant temperature. Thermodynamic processes occur in 
most thermodynamic systems, including geothermal ground 
heat exchangers. 
0214. In a thermodynamic system, energy is transferred 
and sometimes converted into other forms of energy, yet the 
sum of all energies must obey the First Law of Thermody 
namics. As will be described in greater detail hereinafter, the 
various forms of energy that might be transferred in a system 
include potential energy (PE), kinetic energy (KE), internal 
energy (U), flow energy (P-V), work (W) and heat (Q). Such 
diverse forms of energy may be measured in numerous basic 
units. It will be helpful to concisely summarize such units of 
energy measurement. 
0215. In general, there are three types of units to measure 
energy: (1) mechanical units, such as the foot-pound-force 
(ft-lbf); (2) thermal units, such as the British thermal unit 
(Btu); and (3) electrical units, such as the watt-second 
(W-sec). In the mks (meter, kilogram and second) and cgs 
(centimeter, grams and second) systems, the mechanical units 
of energy are the joule () and the erg, the thermal units are the 
kilocalorie (kcal) and the calorie (cal), and the electrical units 
are the watt-second (W-sec) and the erg. Although the units of 
the various forms of energy are different, they are equivalent. 
0216. In 1843, J. P. Joule conducted some very important 
experiments in Science demonstrating quantitatively that 
there was a direct correspondence between mechanical and 
thermal energy. These experiments showed that one kilocalo 
rie equals 4,186 joules. These same experiments, when 
performed using English system units, show that one British 
thermal unit (Btu) equals 778.3 ft-lbf). These experiments 
established the equivalence of mechanical and thermal 
energy. Other experiments established the equivalence of 
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electrical energy with both mechanical and thermal energy. 
For engineering applications, these equivalence of these 
“energy units is expressed by the following relationships: 

1 hip-hr=1980x10ft-lbf) 

These relationships can be used to convert between the vari 
ous English system units for the various forms of energy. 
0217. In an energy transfer system, most computations 
involving the energy of the working fluid are performed in 
units of Btus. Forms of mechanical energy, such as potential 
energy, kinetic energy, and mechanical work, and otherforms 
of energy, such as P-V energy, are usually given in foot 
pounds-force. These forms of mechanical energy are con 
verted to Btus by using the conversion factor 1 Btu-778.3 
ft-lbf). From this conversion factor, the mechanical equiva 
lent of heat, denoted by the symbol J and referred to as Joule's 
constant, is defined as J=778 ft lbf/BTU. 
0218 Power is defined as the time rate of doing work. It is 
equivalent to the rate of the energy transfer. Power has units of 
energy per unit time. As with energy, power may be measured 
in numerous basic units, but the units are equivalent. In the 
English system, the mechanical units of power are foot 
pounds-force per second or per hour ft-lbf/sec or ft-lbf/hr) 
and horsepower hp. The thermal units of power are British 
thermal units per hour Btu/hr, and the electrical units of 
power are watts IWI or kilowatts kW). For engineering 
applications, the equivalence of these “power units is 
expressed by the following relationships. 

1 Btu-778,169 ft-lbf 

Horsepower is related to foot-pounds-force per second Ift 
lbf/sec by the following relationship: 1 hp=550.0ft-lbf/sec. 
Also, horsepower is related to BTUs per hour by the follow 
ing relationship: 1 hp=2546.4Btu/hr. These relationships 
can be used to convert the English system units for power. 

Modeling The Energy and Mass Balances Across the Control 
Volume Of The Ground Heat Exchanger And Its Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System 

0219. The First Law of Thermodynamics relates to the 
balance of the various forms of energy as such forms of 
energy pertain to the specified thermodynamic system under 
study. Specifically, the First Law of Thermodynamics states 
that energy can neither be created nor destroyed, but rather 
transformed into various forms as the fluid or mass flow 
within the control volume is being studied. 
0220. In engineering, energy balances are used to quantify 
the energy used or produced by a system. Making an energy 
balance for a system is similar to making a mass balance for 
the system, but there are a few differences to remember, 
namely: that a specific system might be closed in a mass 
balance sense, but open as far as the energy balance is con 
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cerned; and that while it is possible to have more than one 
mass balance for a system, there can be only one energy 
balance. 
0221) The First Law of Thermodynamics addresses the 
total amount of energy, which consists of kinetic energy (KE). 
potential energy (PE) known as mechanical energy, and the 
internal energy (U) including flow energy (PV), represented 
by specific enthalpy h of the system. For any system, energy 
transfer is associated with (i) mass and energy crossing the 
control boundary, (ii) external work and/or heat crossing the 
boundary, and (iii) the change of stored energy within the 
control volume. In general, kinetic, potential, internal, “flow” 
energies and the exchange of external work and/or heat 
energy are associated with the flow of fluid mass in the sys 
tem, and must be considered during the overall energy bal 
ance of the system. In the case of the present invention, the 
heat transfer fluid or mass flow is water, but may be any 
aqueous-based fluid, in general. 
0222 To perform an energy balance for a system in accor 
dance with the First Law of Thermodynamics, the various 
energies associated with water are identified as they cross the 
boundaries of the system, and then mathematical expressions 
are drawn to the energy balance of the system under analysis. 
0223) The First Law of Thermodynamics can be expressed 
in different ways. 
0224. The First Law of Thermodynamics states that, in an 
open system, all energies flowing into a system are equal to all 
energies leaving the system, plus the change in storage of 
energies within the system. 
0225. When expressed over a time interval (At), the First 
Law of Thermodynamics states that the increase in the 
amount of energy stored in a control Volume must equal the 
amount of energy that enters the control Volume, minus the 
amount of energy that leaves the control volume. When 
applying this principle, it should be recognized that energy 
can enter and leave the control volume due to heat transfer (Q) 
through the boundaries, work done on a by the control volume 
(W), and energy advection. For the study of heat transfer, 
focus should be made on thermal and mechanical forms of 
energy. The Sum of thermal and mechanical energy is not 
conserved because there can be conversion between other 
forms of energy and thermal energy. Energy conversion 
results in thermal energy generation, which can be either 
positive or negative. 
0226. When expressed as a thermal and mechanical 
energy balance equation over a time interval (A), the First 
Law of Thermodynamics states that the increase in the 
amount of thermal and mechanical energy stored in the con 
trol volume must equal the amount of thermal and mechanical 
energy that enters the control Volume, minus the amount of 
thermal and mechanical energy that leaves the control Vol 
ume, plus the amount of thermal energy that is generated 
within the control volume. 
0227. As the First Law of Thermodynamics must be sat 
isfied at each and every instant of time t, it can be formulated 
on as rate basis as follows: the rate of increase of thermal and 
mechanical energy stored in the control Volume must equal 
the rate at which thermal and mechanical energy enters the 
control Volume, minus the rate at which thermal and mechani 
cal energy leaves the control Volume, plus the rate at which 
thermal energy is generated within the control Volume. 
0228 Thus, for any closed thermodynamic system, in 
which the rate of increase of thermal and mechanical energy 
stored in its control volume is zero, the First Law of Thermo 
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dynamics can be expressed in rate form as a generalized 
energy conservation balance, shown in FIG. 5 and given by 
the expression below: 

2 Wout gZout 
rule. + Pout Vout + -- 2gc ge 

( V. se initti + Pvi + + + O + W 2gc ge 

where: 
Q-represents (all or net) heat flow rates into and out of the 
system (Btu/hr) 
in mass flow rate into the system (1bm/hr) 
uspecific internal energy into the system (Btu/lbm) 
P.V pressure-specific volume energy into the system (ft 
lbf/1bm) 
y specific volume of fluid entering the system (ft/lbm) 
P. pressure of fluid into the system (ft-lbf/ft) 
V/2g-KE-kinetic energy into the system (ft-lbf/Ibm) 
where 
V-average velocity of fluid into the system (ft/sec) 
g=the gravitational constant (32.17 ft-lbm/lbf-sec') 
g Z/g, PE, potential energy of the fluid entering the sys 
tem (ft-lbf/lbm) 
where 
Z-height above reference level (ft) (at the surface of the 
Earth) 
g acceleration due to gravity (ft/sec) 
g=the gravitational constant (32.17 ft-lbm/lbf-sec') 
W=represents (all or net) work flow rates into and out of the 
system (ft-lbf/hr) 
in mass flow rate out of the system (Ibm/hr) data 

uspecific internal energy out of the system (Btu/lbm) data 

PV pressure-specific Volume energy moving out of the 
system (ft-lbf/lbm) 
V specific volume of fluid leaving the system (ft/lbm) data 

P. pressure of fluid out of the system (ft-lbf/ft) 
V/2g-KE-kinetic energy out of the system (ft-lbf/ 
Ibm) 
wherein 
V average velocity of fluid moving out of the system (ft/ data 

sec) 
g Z/g, PE, potential energy out of the system (ft-lbf/ 
Ibm) 
Z-height above reference level (ft) (at the surface of the 
Earth) 
0229. To determine which of these energy component 
terms are present in a ground heat exchanger (GHE) of the 
types shown in FIGS. 4C and 4D, and should be considered in 
any heat transfer model, it will be helpful to briefly review the 
nature and properties of each of these energy components in 
the general model, and then develop particular energy balance 
models for the GHES shown in FIGS. 4C and 4D. 

Potential Energy (PE) 
0230 Potential energy (PE) is defined as the energy of 
position. Using English system units, it is defined by 
PE=mgZ/g, 
where 
PE potential energy Ift-lbf 
m-mass Ibm. 
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Z-height above some reference level Ift 
g acceleration due to gravity ft/sec. 
g gravitational constant-32.17 ft-lbm/lbf-sec 

Kinetic Energy (KE) 
0231 Kinetic energy (KE) is the energy of motion. Using 
English system units, it is defined by 

where: 
KE-kinetic energy Ift-lbf 
m-mass Ibm. 
V-velocity ft/sec. 
g, gravitational constant-32.17 ft-lbm/lbf-sec 

Specific Internal Energy (U) 
0232 Potential energy and kinetic energy are macroscopic 
forms of energy. They can be visualized in terms of the 
position and the Velocity of objects. In addition to these mac 
roscopic forms of energy, a Substance. Such a flow of mass or 
fluid, possesses several microscopic forms of energy. Micro 
scopic forms of energy include those due to the rotation, 
vibration, translation, and interactions among the molecules 
of a substance. While none of these forms of energy can be 
measured or evaluated directly, techniques have been devel 
oped to evaluate the change in the total sum of all these 
microscopic forms of energy. These microscopic forms of 
energy are collectively called internal energy, customarily 
represented by the symbol U. In engineering applications, the 
unit of internal energy is the British thermal unit (Btu), which 
is also the unit of heat. 
0233. The specific internal energy (u) of a substance is its 
internal energy per unit mass. It equals the total internal 
energy (U) divided by the total mass (m). 

where: 
u=specific internal energy Btu/lbm 
U-internal energy Btu 
m-mass Ibm. 

Specific P-V Energy 

0234. In addition to the internal energy (U), another form 
of energy, called P-Venergy, arises from the pressure (P) and 
the volume (V) of a fluid, and represents the “flow energy” of 
the system. It is numerically equal to PV, the product of 
pressure and Volume. Because energy is defined as the capac 
ity or potential energy of a system to perform work, where 
pressure and Volume are permitted to expand performing 
work on its surroundings. Therefore, a fluid under pressure 
has the capacity to perform work. In engineering applica 
tions, the units of P-Venergy, also called flow energy, are the 
units of pressure multiplied by Volume (pounds-force per 
square foot times cubic feet) which equals foot-pounds force 
(ft-lbf). The specific P-V energy of a substance is the P-V 
energy per unit mass. It equals the total P-V divided by the 
total mass m, or the product of the pressure P and the specific 
Volume V, and is written as 

where: 
P pressure lbf/ft) 
V=volume Ift 
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v-specific volume Ift/Ibm. 
m-mass Ibm. 
The difference in flow energy between the inlet and outlets of 
a system is defined as flow work which is defined as the rate 
of work done by the fluid at the system outlet minus the rate 
of work done on the fluid at the system inlet. Flow work 
overcomes frictional, viscous and other fluid losses, which 
results in an overall pressure drop. 

Specific Enthalpy (h) 

0235 Specific enthalpy (h) is defined as hu--PV, where u 
is the specific internal energy (Btu/lbm) of the system being 
studied, P is the pressure of the system lbf/ft), and v is the 
specific volume Ift/lbm) of the system. Enthalpy is a ther 
modynamic property of a Substance, like pressure, tempera 
ture, and volume, but it cannot be measured directly. Nor 
mally, the enthalpy of a Substance is given with respect to 
Some reference value. For example, the specific enthalpy of 
water or steam is given using the reference that the specific 
enthalpy of water is zero at 0.01° C. and normal atmospheric 
pressure. The fact that the absolute value of specific enthalpy 
is unknown is not a problem, however, because it is the 
change in specific enthalpy (Ah) and not the absolute value 
that is important in practical problems. Steam tables include 
values of specific enthalpy as part of the information tabu 
lated, and the specific enthalpy of water, h-f(p.T) is defined as 
a function of temperature and pressure, in accordance with 
the International Association for the Properties of Water and 
Steam (IAPWS) Industrial Formulation 1997, known as the 
IAPWSIF97 Standard. 

Work (W) 
0236 Kinetic energy, potential energy, internal energy, 
and P-V energy are forms of energy that are properties of a 
system. Work is a form of energy, but it is energy in transit. 
Work is not a property of a system. Work is a process done by 
orona System, but a system contains no work. Work is defined 
for mechanical systems as the action of a force on an object 
through a distance. It equals the product of the force (F) times 
the displacement (d). 

where: 
W=workft-lbf 
F=force lbf 
d=displacement ft 
The rate at which Work is performed on or by a system is 
defined as Work Rate, W, and is the time derivative of Work, 
W. Also, it is noted that work rate W can also be defined in 
rotational systems where a torque is applied at a distance to 
cause angular displacement, rather than linear displacement. 

Heat (Q) 
0237 Heat, like work, is energy in transit. The transfer of 
energy as heat, however, occurs at the molecular level as a 
result of a temperature difference. The symbol Q is used to 
denote heat. This should not be confused with the symbol Q 
used to denote heat transfer rate, which the rate at which is 
transferred over time, the first time derivative of Q. In engi 
neering applications, the unit of heat is the British thermal 
unit (Btu). Specifically, this is called the 60 degree Btu 
because it is measured by a one degree temperature change 
from 59.5 to 60.5° F. 
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0238. As with work, the amount of heat transferred 
depends upon the path, and not simply on the initial and final 
conditions of the system. Also, as with work, it is important to 
distinguish between heat added to a system from its Surround 
ings and heat removed from a system to its surroundings. A 
positive value for heat indicates that heat is added to the 
system by its Surroundings. This is in contrast to work that is 
positive when energy is transferred from the system and nega 
tive when transferred to the system. The symbol q is some 
times used to indicate the heat added to or removed from a 
system per unit mass. The symbol q equals the total heat (Q) 
added or removed divided by the mass (m). The term “specific 
heat’ is not used for q since specific heat is used for another 
parameter. The quantity represented by q is referred to simply 
as the heat transferred per unit mass. 

where: 

q=heat transferred per unit mass Btu/lbm 
Q-heat transferred Btu 
m-mass Ibm. 
Defining A Control Volume For The Ground Heat Exchang 
ing (GHE) System To Be Tested Using The Enthalpy-Based 
GHE Performance Test Instrumentation System and Method 
of The Present Invention, and Then Constructing An Energy 
Balance Equation According To The First Law of Thermody 
namics 

0239. The control volume approach will be used to ana 
lyze the ground heat exchangers of FIGS. 4A and 4D, and 
then constructing an energy balance for each system. In the 
control Volume approach, a fixed region in space is estab 
lished with specified control boundaries. The energies that 
cross the boundary of this control Volume, including those 
with the mass crossing the boundary, are then studied and the 
energy balance performed. 
0240. As shown in FIG. 5B, the control volume of the 
concentric-tube ground heat exchanger system in FIGS. 1A, 
1B and 4C can be defined as the surfaces coincident with the 
inner and outer surfaces of the inner tube section of the 
concentric-tube ground heat exchanger, the inner Surfaces of 
the outer tube sections, and the inner surfaces of the inlet and 
outlet ports of the header/distributor of the ground heat 
exchanger, connecting with the inner and outer tube sections. 
0241. In general, the forms of energy that may cross the 
control volume boundary include those associated with the 
mass (m) crossing the boundary. Mass in motion has potential 
(PE), kinetic (KE), and internal energy (U). In addition, since 
the mass flow is normally Supplied with Some driving power 
(e.g. a pump), there is another form of energy associated with 
the fluid caused by its pressure, referred to as “flow energy’ 
(i.e. Pv-work), discussed above. The thermodynamic terms 
thus representing the various forms of energy crossing the 
control boundary with the mass are given as 
in(u+Pv+KE+PE). 
0242. In open and closed system analysis, the u and Pv 
terms occur so frequently that another property, specific 
enthalpy, has been defined ash-u--PV, and has been discussed 
in detail above. This results in the above expression being 
written as in(h+KE+PE). In addition to the mass and its 
energies, externally applied work (W), usually designated as 
shaft work, is another form of energy that may cross the 
system boundary. To complete and satisfy the conservation of 
energy relationship, energy that is caused by neither mass nor 
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shaft work, is classified as heat energy (Q). These relation 
ships can be used to reformulate the Eulerian energy conser 
Vation equation as follows: 

where: 
in mass flow rate of working fluid into and out of the system 
1bm/hr) 
h specific enthalpy of the working fluid entering the system 
Btu/lbm 
h specific enthalpy of the working fluid leaving the system 
Btu/lbm 
PE specific potential energy of working fluid entering the 
system ft-lbf/lbm 
PE specific potential energy of working fluid leaving the data 

system ft-lbf/lbm 
KE, specific kinetic energy of working fluid entering the 
system ft-lbf/lbm 
KE, specific kinetic energy of working fluid leaving the 
system ft-lbf/lbm 
W=net rate of work done by the system ft-lbf/hr) 
Q-net heat transfer rate into the system Btu/hr) 
0243 When the thermodynamic system (e.g. heat trans 
ferring fluid being studied) changes its properties (i.e. tem 
perature, pressure, Volume) from one value to another as a 
consequence of work or heat or internal energy exchange, 
then it is said that the fluid has gone through a “process. In 
Some processes, the relationships between pressure, tempera 
ture, and volume are specified as the fluid goes from one 
thermodynamic state to another. The most common processes 
are those in which the temperature, pressure, or Volume is 
held constant during the process. These would be classified as 
isothermal, isobaric, or iso-Volumetric processes, respec 
tively. If the fluid passes through various processes and then 
eventually returns to the same state it began with, then the 
system is said to have undergone a cyclic process. 
0244. In the geothermal ground heat exchanging systems 
under consideration, the potential and kinetic energy terms 
PE and KE and work rate term W are recognized as being 
negligible and thus considered Zero, and the mass flow rate 
entering the system equals the mass flow rate leaving the 
system rin-rin rin, greatly simplifying the energy balance 
equation for each ground heat exchanging system, as follows: 

mha-mh-d 
With algebraic manipulation, the energy balance equation 
can be expressed as: 

At this stage, it is helpful to recognize the different heat 
transfer rate components operating within each type of 
ground heat exchanging system, however Small or negligible 
they may be, and thereafter decide to eliminate particular 
Such terms from the model based on rational analysis, con 
sistent with observable facts. 
0245. The potential heat transfer rate terms associated 
with a concentric-tube type ground heat exchanger are iden 
tified as Q, Q, Q, Q as shown in FIG. 5B, and 
graphically illustrated in the model of FIG. 6. 
0246 Notably, the terms Q and Q will be negligible 
in concentric-tube ground heat exchanging systems con 
structed using HPDE header/distributor components and 
HDPE piping between ground heat exchangers, because 
HDPE plastic has an extremely low thermal conductivity (i.e. 
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high thermal resistivity). Also, the cross flow channel heat 
transfer term Q, will be negligible when concentric-tube 
ground heat exchanging systems employ PVC inner tubes 
and Supports laminar flows along the inner flow channel, as 
taught in U.S. Pat. No. 7,343,753, Supra, incorporated herein 
by reference. The reason is because PVC has an extremely 
low thermal conductivity (i.e. high thermal resistivity) and 
laminar flow along the inner flow channel (oc) of the inner 
tube of the concentric-tube ground heat exchanger will create 
sufficient thermal boundary layers, and establish very low 
heat transfer coefficients for convective and conductive forms 
of heat flow, from the inner flow channel to the outer flow 
channel (via the inner tube wall). Based on such rational 
analysis, the energy balance equation for the concentric-tube 
ground heat exchangers employing laminar and turbulence 
flows, as taught in U.S. Pat. No. 7.343,753, reduces to the 
following expression: 

O...-m(half-h.) 

By definition, the heat transfer rate for the concentric-tube 
ground heat exchanger can be then defined as Q and pro 
vided by the following equation: 

one-m(ha-hi.) 
This enthalpy-based heat transfer rate formula will hold for 
values of mass flow rates, and entering and leaving tempera 
tures and pressures for which the U-tube ground heat 
exchanger has been designed to operate. Also this enthalpy 
based heat transfer rate equation will be used in the method of 
heat transfer rate testing described in FIGS. 10A through 10I 
when testing the heat transfer rate performance of any con 
centric-tube ground heat exchanger in accordance with the 
principles of the present invention. 
0247 The potential heat transfer rate terms associated 
with a U-Tube type ground heat exchanger include Q, Q, 
Q, Q, Q as shown in FIG. 5C, and graphically illus 
trated in the model of FIG. 6. 

0248. Notably, the terms Q and Q will be negligible 
in U-tube type ground heat exchanging systems constructed 
using HDPE piping between ground heat exchangers, 
because HDPE plastic has an extremely low thermal conduc 
tivity (i.e. high thermal resistivity). However, the cross tube 
heat transfer term Q, will not be negligible when U-tube 
ground heat exchanging systems employ HDPE and ther 
mally conductive grouting, resulting in thermal short-circuit 
ing and reduction in efficiency of the U-tube ground heat 
exchanger. This is because typically the temperature gradient 
between the HDPE inlet tube (it) and the HPDE outlet tube 
(ot) will not insignificant due to the relatively close spacing 
between these tubes and the presence of thermally-conduc 
tive grouting disposed therebetween. In effect, such thermal 
short-circuiting caused by heat transfer rate Q, will reduce 
the net effect of positive heat transfer rates Q, and Q. 
Supported between the deep Earth (at temperature T) and 
the inlet tube (it) and outlet tube (ot) of any U-tube ground 
heat exchanger construction, and can be considered a netheat 
transfer rate between the U-tube ground heat exchanger and 
the deep Earth, represented by the net heat transfer rate term 
Q=Q+Q+Q. Based on such rational analysis, the 
energy balance equation for the U-tube ground heat 
exchanger also reduces to the following expression: 

one-m(ha-hi.) 
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This enthalpy-based heat transfer rate formula will hold for 
values of mass flow rates, and entering and leaving tempera 
tures and pressures for which the U-tube ground heat 
exchanger has been designed to operate. This same heat trans 
fer rate equation will be also used in the method of heat 
transfer rate testing illustrated in FIGS. 10A through 10I 
when testing the performance of any U-tube type ground heat 
exchanger, or other type of geothermal ground heat 
exchanger, in accordance with the principles of the present 
invention. 

Defining the Control Volume For The Portable Enthalpy 
Based Ground Heat Exchanger (GHE) Performance Test 
Instrumentation System Of The Present Invention, and Then 
Constructing An Energy Balance Equation According To The 
First Law of Thermodynamics 

0249. The control volume approach will be used to ana 
lyze the Portable Enthalpy-Based GHE Performance Test 
Instrumentation System of FIG. 7A, and then an energy bal 
ance equation will be derived for the system. From the energy 
balance equation, aheat transferrate equation will be derived 
which describe the rate of heat energy which will need to be 
generated by the electrically-driven heating elements R. 
through R. Supplied with electrical power Supplies P. 
through P. respectively, so that the temperature state of the 
water entering the ground heat exchanger will remain Sub 
stantially constant during the long-term HTR performance 
testing operations in a ground loop field test site. 
(0250. As shown in FIG.7A the control volume of the GHE 
Performance Test System are defined as the surfaces coinci 
dent with the outer surfaces of flow tube sections of ground 
loop heating module, which are Surrounded by thermal insu 
lation material to minimize heat transfers between the flow 
channels and the ambient environment (ae). Along these flow 
channels (fe), the four heating elements are mounted so that 
water flows thereabout at a constant mass flow rate in rin, 
controlled by the pair of water pumps provided in the HTR 
test system. 
0251. As illustrated in FIG. 7A, the state properties of 
water returning from the ground loop heat exchanger, and 
entering the temperature-controlled ground loop water heat 
ing module, are defined by the T. P. h., whereas 
the state properties of water exiting the water heating module 
and entering the ground heat exchanger under testing, are 
defined by rh, T. P. h. 
0252. As shown in FIG. 7B, applying the rate form of the 
First Law of Thermodynamics to the control volume of this 
system results in the following energy balance equation: 

gip 

0253) The heat transfer flow rate from the ambient envi 
ronment to the flow channels of the water heating apparatus, 
Q, will be negligible when packing the tubes of the appa 
ratus in thermal insulation, as specified in FIG. 7A. Also, the 
heat generation rates for each of the four heating elements 
along the flow channels of the water pumping and heating 
module, are denoted by Q.R. Qc2 .. Qrs. Q4 ... respec 
tively. 
0254 Through excellent heat convection design, and 
material Science, very high energy conversion rates can be 
achieved, to efficiently introduce heat energy into the con 
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stant mass flow of the system (across its control Volume), 
according to the following electrical-thermal energy conver 
sion formulas: 

wherein total power Supplied to the water heating elements 
R. R. R. and R is equal to the total power Supplied to the 
water heating module, providing the power equation 
P=VI+VI+VI+VI, where V is a constant Voltage 
Supplied across each heating element, and electrical currents 
I, I, I and I flow through heating elements R. R. R. and 
Ra, respectively, during water heating operations. 
0255 Also, ignoring heat losses and inefficiencies associ 
ated with the pump modules, the total power supplied to the 
pump modules is equal to W12-VI+VI2 where V is a 
constant Voltage Supplied across each pump module, and 
electrical currentsII2 flow through the respective pump 
modules during water pumping conditions. 
(0256. The sum of the four heat generation processes Q. 
Qe2 Qes. Q4 can be denoted as Qee and the energy 
balance equation for the Portable Enthalpy-Based GHE Per 
formance Test System be expressed as: 

mihin-mouthau,9heaetglpl+W2 

0257. As the inlet and outlet mass flow rates are constant, 
rin in rin, the energy balance equation above can be 
expressed as follows: 

o,cator-inchi-ha)-Wei-W.2 
Using algebraic manipulation, the energy balance equation 
can be expressed as: 

2,are Wei -- W.2 =-m(h-h) 

(0258 Recognizing that Q tin(h-h), the energy con 
servation balance can be reduced to the expression: 

9heater+glpitip-9she 

which states that the rate of “heatenergy' introduced into the 
ground loop water stream by the heater, Qheater, plus the rate 
of work done by (i.e. flow energy introduced into) the ground 
loop pumps in the Portable Enthalpy-Based GHE Perfor 
mance Test System, W+W, equals the rate of heat 
energy exchanged by the test ground heat exchanger (GHE) 
with the deep Earth, Q, during ground heat exchanger test 
operations. However, as the expected rate of heat energy 
introduced into the water stream by the heating elements will 
be substantially greater than the rate of “flow energy' intro 
duced into the water stream by the pumps (e.g. by a factor of 
10 or more), the above energy balance equation can be for 
mulated by the following approximation: 

Qheater=-Q. 
Notably, this approximated energy balance equation governs 
the resultant system formed by the GHE Performance Test 
System connected to the ground heat exchanger (GHE) under 
testing, and states that: during ground heat exchanger test 
operations, when the GHE Performance Test System is oper 
ating in its cooling mode where TCTCT, the rate of heat data 
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energy Qintroduced into the constant water (mass) flow 
(i.e. control Volume) by the water pumping and heating mod 
ule, is substantially equal to the rate of heat energy -Q 
moving away from the heated water in the ground heat 
exchanger and into the deep Earth, in accordance with the 
First Law of Thermodynamics and consistent with design 
specifications for the Portable Enthalpy-Based GHE Perfor 
mance Test System. This energy balance holds true for any 
type ground heat exchanger connected to the GHE Perfor 
mance Test System during performance testing operations. 

Modeling The Energy And Mass Balances Across The Con 
trol Volume For A Concentric-Tube Ground Heat Exchanger 
When Operating In A State Of Thermal Equilibrium Where 
Inlet and Output Temperatures Equal The Deep Earth Tem 
perature 

0259. In addition to measuring the actual heat transfer rate 
(HTR) of a ground heat exchanger Q during ground loop 
design process, the designer and engineer also have a need to 
know exactly the rate of work expressed in BTUs/Hrl W. 
which the ground loop water circulation pump(s) must per 
form to push and/or pull water through each ground heat 
exchanger (GHE) in the ground loop design, so as to maintain 
a particular Volume/mass flow rate through each ground heat 
exchanger. Also, it is noted that this flow work rate (FWR) for 
each ground heat exchanger W. will depend on the fric 
tional and other fluid pressure losses generated within the 
ground heat exchanger, during performance testing opera 
tions. 

0260. At this stage, it is essential to derive a formula for the 
flow work rate (FWR) of any ground heat exchanger W. 
that might be tested by the GHE Performance Testing System 
of the present invention, in accordance with the First Law of 
Thermodynamics and energy and mass conservation prin 
ciples, reviewed in detail above. 
0261 For any closed thermodynamic system, in which the 
rate of increase of thermal and mechanical energy stored in its 
control volume is zero, the First Law of Thermodynamics can 
be expressed in rate form as a generalized energy conserva 
tion balance, shown in FIG. 5 and given by the previously 
defined expression set forth again below for convenience: 

2 W. gZ 
O+ win?. + Pvi + i + g e 2ge ge 

2 
V Z 

rule. + Pout Vout + s -- g 8c 3c 

0262 For modeling purposes, there is a need to express all 
assumptions relating to the ground heat exchanger when it is 
connected to the Portable Enthalpy-Based GHE Performance 
Test Instrumentation System of the present invention, and 
operating in its flow work rate (FWR) test mode. 
0263 Firstly, the water circulation pumps that will be 
employed in the ground loop system under design will be 
mounted at ground level along with the ground heat exchang 
er(s), so that the potential energy terms (PE, and PE) 
associated with the water flow through the ground heat 
exchanger will be negligible and thus reduce KEKE, 0. 
Consequently, during testing operations, the Portable GHE 
Performance Test Instrumentation System will also be 
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located at ground level (Z Z-0) where the ground heat 
exchanger under testing has been installed, to simulate actual 
circulation pump operations. 
0264. Secondly, during FWR testing operations, the heat 
ing section of the Enthalpy-Based GHE Performance Test 
Instrumentation System will be de-energized (i.e. not pow 
ered), and the water circulation pumps fully energized and 
operated so that water circulates through the ground heat 
exchanger at a constant mass/volume flow rate such that V. 
V in in rin, and thus reducing the kinetic energy terms 
KE, and KE also to Zero. 
0265. Thirdly, during the FWR test mode, the circulation 
pumps in the Portable Enthalpy-Based GHE Performance 
Test Instrumentation System will circulate the water through 
the test loop so that steady-state temperature conditions are 
attained when the condition T, T-T exists, indicating 
that the temperature of water leaving the ground heat 
exchanger equals the temperature of the water leaving the 
ground heat exchanger, which is equal to the deep Earth 
temperature. Under Such operating conditions, the heat trans 
ferrate for the system in this state is negligible Q=0, and the 
temperature-dependent internal energy states (U) of the flow 
of KE water entering and leaving the ground heat exchanger 
will be equal, i.e. rinu, Iihu. 
0266 Fourthly, water entering and leaving the system dur 
ing Such conditions is essentially incompressible and there 
fore V-V, V. 
0267 Taking the above assumptions into consideration, 
the energy balance equation for a control volume drawn about 
the water flow path through the GHE is illustrated in FIGS. 
8A and 8B and expressed as: 

thin'in Pin+Whe heavour Put 

where W is the work rate performed by the GHE upon the 
flowing water mass, entering the GHE with input flow energy 
rate in (PV), and leaving the GHE with an output flow 
energy rate rin,(PV), reduced in energy rate by the fric 
tional and viscous forces presented W. inv(P-P) along 
the flow path of the GHE. 
0268. After algebraically manipulating the above energy 
balance/conservation equation and making Substitutions 
based on the assumptions above, the work rate expression for 
the ground heat exchanger is derived as follows: 

out 

Whe 

Under normal HTR and FWR test conditions, P-P and 
the network done by the GHE on the water flowing through 
the GHE will be a negative figure, indicating that the ground 
heat exchanger (GHE) performed negative work against the 
waterflow, decreasing its flow energy rate (through frictional, 
viscous and other fluid pressure losses) as the fluid moves 
through the GHE, without a change in its potential or kinetic 
energies. 
0269. A similar energy balance can be performed for a 
U-tube GHE installation, modeled in FIGS. 8C and 8D, 
which also results in a similar work rate expression for the 
ground heat exchanger as follows: 

inv(P-P) 

Notably, while the same mathematical expression is derived 
for the work rate of the concentric-tube ground heat 
exchanger and any U-tube ground heat exchanger, one can 
expect such work rate figures to be significantly less for the 
concentric-tube ground heat exchanger designs than for 
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U-tube GHE designs, due to the fact that a concentric-tube 
GHE construction, as represented by Kelix’s Thermacouple(R) 
GHE Model TC50, produces a significantly lower pressure 
drop across its inlet and outlet ports, on a per linear footbasis, 
than does a conventional U-tube GHE installation. 
Modeling The Energy And Mass Balances Across The Con 
trol Volume For The Ground Loop Water Pumping And Heat 
ing Module Of The Enthalpy-Based GHE Performance Test 
System. When Operating. In A State Of Thermal Equilibrium 
Where Inlet and Output Temperatures Equal The Deep Earth 
Temperature 
(0270. Referring to FIG. 8E, the control volume is defined 
for the water pumping and heating modules in the Portable 
Enthalpy-Based GHE Performance Test Instrumentation 
System is schematically depicted during the FWR test mode, 
when the circulation pumps in the GHE Performance Test 
Instrumentation System circulate the water through the test 
loop so that steady-state temperature conditions are attained 
when the condition TTT exists, indicating that the 
temperature of water leaving the ground heat exchanger 
equals the temperature of the water leaving the ground heat 
exchanger, which is equal to the deep Earth temperature. 
0271 During such steady-state thermal equilibrium con 
ditions, and using notation and naming conventions used in 
representing the energy balance of the ground heat exchanger 
(S), the energy balance equation for the system depicted in 
FIG. 8E is represented in FIG. 8F and expressed below as 
follows: 

heavour Pattle1+2-min' Pin 

Applying algebraic manipulation, and the relations in 
in rin, V-V, V, the following expression can be data 

expressed as: 

Wiel H2-tiv(Pin-Pout) 

Renaming W+W. W., the total rate of work done 
by the pumps can be computed to push/pull fluid through the 
single ground heat exchanger under testing, the following 
formula is obtained: 

W e-inv(P-P) 
This formula is used in the Spreadsheet GHE Performance 
Calculator of FIGS. 9A1 and 9A2, to compute the perfor 
mance figure (FWR) from actually measured variables 
{m.P.P., and {m, P.P..} and the specific volume of 
water V which is constant for water in its incompressible 
liquid State over the operating pressures and temperatures 
during performance testing. This performance figure pro 
vides a precise measure of the actual power required by a 
ground loop pump to circulate (push/pull) water through the 
single test ground loop exchanger, during the FWR test opera 
tions, indicated in Step 28 in FIG. 10G. to overcome fric 
tional, viscous and other losses in the GHE to maintain the 
continuous flow of the water through the control volume of 
the GHE without any change in kinetic or potential energy of 
the water flowing through the GHE. 
(0272 Expressed in units of BTU/hr, this computed FWR 
figure will appear significantly low in most practical GHE 
applications, as it only represents the rate of work required by 
the pump to overcome frictional, viscous and other losses 
along a single GHE, and does not account for the work rate 
(and time duration) that was actually required to move the 
volume of water in the GHE from an original stationary state, 
to a state in which the water is flowing through the GHE at a 
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specified volume flow rate (e.g. 16 GPM). For this reason, it 
should be clearly understood that the FWR figure for a given 
GHE is, by itself, insufficient to specify the horsepower and 
mass/volume pump rate that will be actually required by the 
ground loop circulation pumps, to adequately transport water 
through the overall ground loop Subsystem under design and 
construction, at the required rates required by any given appli 
cation. Engineers skilled in the fluid transfer and hydraulic 
arts will know how to properly design for the water pumping 
requirements of any particular ground loop system, taking 
into consideration: pressure drops across all piping compo 
nents employed in the ground loop Subsystem, including 
ground heat exchangers; necessary work rates required to 
overcome changes in potential and/or kinetic energy that may 
exist along the ground loop under design and construction; 
and other factors well known in the fluid transfer and hydrau 
lic arts. 

0273 Engineers should appreciate that the FWR figure, 
measured in situ for each ground heat exchanger (GHE) under 
performance testing, is used in computing the Energy Effi 
ciency Ratio (EER) for a GHE installed at a particular test 
site, as taught herein below. This empirically-determined 
FWR figure has been selected for the EER definition as it 
represents the actual rate of work (energy) that the ground 
loop pump must do on the water flowing through the GHE, to 
overcome frictional, Viscous and other energy losses and 
maintain the continuous flow of water through the control 
Volume of the GHE, without incurring losses in kinetic or 
potential energy as water flows through the GHE. 

Defining An Energy Efficiency Ratio (EER) for The Ground 
Heat Exchanger (GHE) In Accordance With The Principles of 
The Present Invention 

0274 Having derived equations for both the heat transfer 
rate (HTR) and the power work rate (FWR) functions of 
concentric-tube and U-tube ground loop exchangers, it is 
appropriate to point out that ground loop engineers also need 
to know, in quantitative terms, how much more or less energy 
efficient any particular ground heat exchanger (GHE) con 
struction is (i) relative to the same type of ground heat 
exchanger construction but installed at a different geological 
environment, (ii) relative to a different type of ground heat 
exchanger construction installed at the same geological loca 
tion, and/or (iii) relative to a different type of ground heat 
exchanger construction installed at a different geological 
location. Such a third figure of performance should assist the 
ground loop engineers in rationally deciding on a particular 
type of ground loop heat exchanger technology for any par 
ticular geothermal system project, as well as for a particular 
geological ground loop location where a ground loop Sub 
system has been planned out for design and construction. 
0275. In order to determine how many units of heatenergy 
are actually transferred between an installed ground heat 
exchanger and the Earth, for each unit of energy utilized by 
the ground loop pump to circulate water through the ground 
heat exchanger, per unit length of drilled borehole, it will be 
helpful to define a new performance figure, called the Energy 
Efficiency Ratio (EER), which is similar to a Coefficient of 
Performance (COP) shall be an empirically measured fig 
ure of performance for each and every ground heat exchanger 
installation, defined by the following formula: 
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Oghe 
EERhe = COPh. 

pghe 

where both Q and Ware calculated on a “perlinear foot 
of drilled borehole” basis, to normalize the EER figure and 
enable fair and reliable comparisons between different types 
of ground source heat exchangers installed at the same geo 
logical location. 
The EER figure above can be expressed in terms of measured 
inlet and outlet temperatures and pressures, as follows: 

fin(hout hin) 
Pout) 

Oghe 
EERhe inv(P - pghe 

Through simple factoring, the empirically determined ground 
heat exchanger Energy Efficiency Ratio (EER) is mea 
Sured by the following formula, expressed only as a function 
of measured inlet and outlettemperatures and pressures, inde 
pendent of the mass/volume flow rate of the water passing 
through the ground heat exchanger. 

2shell (hou - hin) 
T v (P - P.) EERhe 

pghe 

Defining The Heat Transfer Efficiency (HTE) For Any 
Ground Heat Exchanger (GHE) Installed In A Deep Earth 
Environment, Based On The Empirically Measured Enthalp 
ies Of Water Entering And Leaving The Ground Heat 
Exchanger (GHE) 

0276. In addition to the figures of GHE performance, such 
as heat transfer rate (HTR), the flow work rate (FWR), and 
Energy Efficiency Ratio (EER), engineers also need to 
know, in quantitative terms, how efficient any "real' ground 
heat exchanger (GHE) construction is, in the “heat transfer” 
sense, relative to an “ideal ground heat exchanger installed 
in the same deep Earth environment, and operating at similar 
ground loop conditions (i.e. having the same inlet water tem 
perature T). 
0277. What is meant by an “ideal ground heat exchanger 
(GHE) is a GHE that is installed in a deep Earth temperature 
having a deep Earth temperature T is fed with water at an 
inlet water temperature T, and where the outlet water tem 
perature T is always equal to the deep Earth temperature 
Tour (i.e. Tour Tae). 
0278. Such operating characteristics exemplify ideal heat 
transfer performance in a GHE (i.e. independent of the size or 
dimensions of the heat exchanging Surfaces or heat transfer 
fluid flow rates might be necessary to achieve such ideal heat 
transfer performance characteristics) causing the heat energy 
of the inlet water, attemperature T, to be exchanged with the 
deep Earth environment so that the temperature of outlet 
water T is equal to the temperature of the deep Earth envi 
ronment T. 
0279. In essence, the heat transfer performance of an idea 
GHE is limited only by the difference in temperature between 
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(i) the inlet water temperature T, and (ii) the deep Earth 
temperature T, and nothing else—which is why the ideal 
GHE is selected as the reference for measuring heat transfer 
efficiency (HTE) of any ground heat exchanger (GHE) 
installed in a deep Earth environment. 
0280. This fourth figure of performance should assist 
engineers in better understanding how well any particular 
ground heat exchanger (GHE) installation is inharnessing the 
available potential energy existing between the entering 
waterflowing into a ground heat exchanger, and its deep Earth 
temperature. 
0281 Referring now to FIG. 7G, an energy conservation 
balance is shown for any type of “real' concentric-tube or 
U-tube ground heat exchanger (GHE) operating in thermal 
equilibrium when the inlet water temperature T is not equal 
to the outlet water temperature T, which is not equal to the 
deep Earth temperature T (i.e. TzTzT). 
0282. As shown, the energy and mass balance equation for 
the control volume of this real GHE system is given by the 
following expression: 

where h(TP) is the enthalpy of the inlet water to the real 
GHE obtained from the steam table using state variables 
(TP), and where h(TP) is the enthalpy of the outlet 
water to the real GHE obtained from the steam table using 
State variables (TP). 
0283 For this closed system, in in 
expression can be rewritten as follows: 

=rin, and the above data 

where the heat transfer rate between the GHE and the deep 
Earth environment can be represented as: 
Q."—HTR.". 
0284. Referring to FIG. 7H, an energy conservation bal 
ance is shown for an “ideal” concentric-tube or U-tube 
ground heat exchanger (GHE) operating in thermal equilib 
rium when the inlet water temperature T is not equal to the 
outlet water temperature T, but where the outlet water 
temperature T is equal to the deep Earth temperature T 
(i.e. T7T, Te). 
0285. As shown, the energy and mass balance equation for 
the control volume of this ideal GHE system is given by the 
following expression: 

where h(TP) is the enthalpy of the inlet water to the ideal 
GHE obtained from the steam table using state variables 
(TP), and where h(TP) is the enthalpy of the outlet 
water to the ideal GHE obtained from the steam table using 
state variables (TP). 
0286 For this closed system, in in 
expression can be rewritten as follows: 

=rin, and the above data 

where the heat transfer rate between the GHE and the deep 
Earth environment can be represented as: 
Q.-HTR''. 
(0287. Now, as shown in FIG. 7I, by definition, the heat 
transfer efficiency of any real GHE, notated as HTECT 
T), or simply HTE, shall be defined as the ratio of: ghe 

0288 (i) the heat transfer rate HTR'= an." of ghe 
the real GHE installed in a deep Earth environment, and 

i 
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(0289 (ii) the heat transferrate HTR."-Q" of 
the ideal GHE installed in a deep Earth environment; 

0290 wherein the real GHE is operated at the temperature 
differential defined by the inlet water temperature and the 
deep Earth temperature (TT), and ideal GHE is also oper 
ated at the same temperature differential defined by the inlet 
water temperature and the deep Earth temperature (TT). 
0291 Formally, the heat transfer efficiency HTE can be 
expressed as follows: 

real 

Oghe iihou (Tout, Pout) - hin (Tin, Pn) 
OC." filhout (Tde, Pout) - hin (Tin, Pin) HTEhe = 

This expressed can be simplified to provide: 

And with some algebraic manipulation, the above equation 
can be rewritten as a complex ratio of enthalpy values for the 
inlet and outlet water streams into the real and ideal GHES, 
given as follows: 

'' out) hin (Tin, Pn) 

"E. Pout) I hin (Tin, Pin) 

HTEghe = 

Let's consider two extreme operating conditions and see how 
this performance figure works. 
(0292. When T-T then HTE=0 and this represents 
the lowest performance case where a real GHE is operating at 
0.0% heat transfer efficiency with the deep Earth environ 
ment. When T-T then HTE=1.0 and this represents 
the highest (ideal) performance case where a real GHE is 
operating at 100.0% heat transfer efficiency with the deep 
Earth environment, which is not attainable in reality, but does 
represent the ideal case towards which all GHE designs and 
constructions should strive. In practice, real GHEs will per 
form somewhere between these two extremes (i.e. 
0.0<HTE.<1.0) 
0293 To provide a sense for this figure of performance 
consider the case of Kelix's 300 foot Thermacouple.R. GHE 
(Model TC50) installed in a deep Earth environment having 
an average deep Earth temperature about the borehole of 
about T-55 F. Based on performance testing, the average 
empirically-determined HTR for the Thermacouple.R. 
GHE TC50 is about 60,000 BTU/Hr or 5 Tons. When 
operating the Thermacouple(R) TC50 GHE at an inlet water 
temperature T-95 F., with a resulting outlet water tempera 
ture of T-85 F. when the mass flow rate into and of the 
TC50 GHE is about 8012 LBM/HR (i.e. when the volumet 
ric flow rate is 16 GPMI), the heat transfer efficiency for the 
GHE measures HTE=0.248 representing about 25% heat 
transfer efficiency, measured against the ideal GHE standard 
depicted in FIG. 7H, which would have a 100% HTE. 
0294. In summary, the empirically measurable figures for 
the HTR of the ground heat exchanger, its associated flow 
work rate (FWR), its Energy Efficiency Ratio (EER) and Heat 
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Transfer Efficiency (HTE) defined above provides ground 
loop engineers with three new and essential GHE perfor 
mance figures for use in rationally deciding on a particular 
type of ground loop heat exchanger technology to implement 
on a particular geothermal system project, and how to accu 
rately size the actual energy requirements for pumping water 
through the ground heat exchanger during its heat transfer 
operations with its deep Earth environment. 
0295 For further details regarding thermodynamics, heat 
transfer and fluid and mass flow principles related to the 
present invention, reference is made to: DOE Fundamentals 
Handbook. Thermodynamics, Heat Transfer, And Fluid 
Flow, Volumes 1, 2 and 3, DOE-HDBK-1012/1-92, June 
1992, DOE-HDBK-1012/2-92, June 1992 and DOE-HDBK 
1012/3-92, June 1992: Thermodynamics: An Engineering 
Approach (Seventh Edition) by Yunus A. Cengel and Michael 
A. Boles, McGraw-Hill, 2010: Thermodynamics: Concepts 
and Applications, by Stephen R. Turns, Cambridge Univer 
sity Press 2006: Fundamentals of Heat and Mass Transfer 
(Sixth Edition) by F. P. Incropera, D. P. Dewitt, T. L. Berg 
mann, and A. S. Lavine, John Wiley & Sons, 2007; and A Heat 
Transfer Textbook (Third Edition) by John H. Lienhard IV 
and John H. Lienhard V. Phlogiston Press, Cambridge Mass., 
2008; wherein each said reference is incorporated herein by 
reference. 

Defining And Measuring Thermal Equilibrium Indices For 
Use With The Enthalpy-Based GHE Performance Calculator, 
And The Enthalpy-Based Ground Loop Performance Moni 
toring Module 

0296. The energy-based performance figures disclosed 
herein are based on measurements taken during thermal equi 
librium conditions of the system under analysis. Thus, it will 
be helpful to provide engineers with several empirical indices 
which indicate when “thermal equilibrium' conditions exist 
for any given GHE installation or GLHE subsystem under 
performance analysis, and when computed performance fig 
ures are true and accurate. 

0297 When determining that a system is in a state of 
thermal equilibrium, and confirming that there is no net 
change in the internal energy of the system, it is important to 
carefully analyze both the driving and response functions of 
the system. 
0298. In the case of a GHE installation, the driving func 
tion is the thermal potential difference (TPD) driving 
the GHEinstallation, namely, the difference in thermal poten 
tial (i.e. temperature) between the inlet of the GHE installa 
tion and its deep Earth environment, which is given by the 
following expression: 

ATariving ATinae Tin-Tae 

0299. In the case of a GHE installation, the response func 
tion is the thermal potential difference (TPD) mea 
sured between the inlet and outlet ports of the GHE installa 
tion, namely, the difference between the inlet and outlet water 
temperature of the GHE installation, which is given by the 
following expression: 

AT AT out Tin-Tout response irozat in o 

At each sampling/measuring period (e.g. 60 seconds), the 
Driving TPD is represented by as: AT(t)=AT(t) 
=T(t)-T(t) and the Response TPD is represented by AT 
sponse(t)-AT.(t)T(t)-Tau(t,). 
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Also, at each previous sampling/measuring period, the Driv 
ing TPD is represented by AT(t)=AT(t)=T,(t. 
1)-T(t) while the Response TPD is represented by AT 
sponse(t-)-AT cu?t,-)-Ti(t-)-Tau(t,-1) 
As the GHE installation (system) approaches a state of ther 
mal equilibrium, two conditions will be observed through 
empirical measurement: 
(1) the normalized difference between consecutively mea 
sured Driving TPD figures will converge to zero, mathemati 
cally represented as: 

T. (ii) - T. (ii) - T. (i-1) - T (i-1) TEI = 1 - response T. (ii) - T. (ii) 

(2) the normalized difference between consecutively mea 
sured Response TPD figures will also converge to Zero, math 
ematically represented as: 

ATresponse (ti) - ATresponse (i-1) 
ATresponse (ti) 

T. (ii) - T. (ii) - T. (i-1) - T (i-1) 
ZERO 

T. (ii) - T. (ii) 

Using these two figures, a pair of Thermal Equilibrium Indi 
ces (TEIs) can be defined as follows: 

Ti, (ii) - Tie (ii) - T. (ii. 1) - Tie (i-1) TElii i = 1 - driving T. (ii) - Ti(ii) 

TElresponse = 1 - T. (ii) - T. (ii) - T. (i-1) - T (i-1) 
Tin (ii) - Tour (ii) 

When the GHE installation approaches a state of thermal 
equilibrium, both the driving and response function indices 
defined above will converge to 1. Whenever the GHE instal 
lation is dynamically changing its state, in response to 
changes in the driving function (TPD), these indices 
will move in the direction of Zero and then after some time, 
converge towards 1. How quickly these indices change will 
depend on various parameters within the system. 
0300 Whenever, these indices are both close to 1, the 
corresponding GHE performance figures will represent true 
and reliable performance measures. Whenever, any one of 
these indices are close to 0, or far from 1, the corresponding 
GHE performance figures will not represent true and reliable 
performance measures, and should not be relied upon. 
0301 These TEIs should be used whenever any of the 
energy-based performance figures disclosed herein are mea 
Sured, to ensure thermal equilibrium conditions have been 
attained when Such measurements are made. 

Calculating The Projected Thermal Load Requirements Of 
The Geothermal System Under Design 

0302 Before designing a GLHE subsystem, engineers 
should calculate the thermal load requirements of the geo 
thermal system under design, across all four seasons of the 
year. This important task can be done in a conventional man 
ner using conventional Software tools and techniques. Typi 
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cally, this results in a thermal load chart illustrating the ther 
mal load requirements for a building during both heating 
and/or cooling season. 
0303 To determine the peak and block load requirements 
of the building, expressed in Btu/hr over periods of time, it 
is suggested that the Manual JR residential load calculation 
procedure is used, or other standard load calculation Software 
product, required by many building codes around the country. 
0304. Once an accurate Manual J load calculation has 
been made on the building, the peak heat transfer rate (HTR) 
requirements of the geothermal equipment (GTE) Q(max) 
have been determined, and expressed in BTU/hr); geother 
mal heat pump or chiller equipment can be selected in ways 
compatible with the calculated heating and cooling require 
ments of the building. 

Determining The Limits For A Ground Heat Exchanger 
(GHE) Performance Test Based On The “Earth-Side' Oper 
ating Conditions Specified By The Manufacturer Of The 
Geothermal Equipment Selected For Use In Constructing 
The Geothermal System Under Design 
0305 After selecting the geothermal equipment (GTE) to 
be used to construct the geothermal system, but before con 
ducting any performance test on a ground heat exchanger 
(GHE) installation, the GLE Process requires the engineer to 
determine the “earth-side' operating conditions that have 
been specified by the manufacturer of the geothermal equip 
ment (GTE), e.g. heat pump or chiller unit, selected for con 
structing the geothermal system under design. 
0306 These “earth-side' operating conditions or limits 
will include: (i) the maximum entering water temperature 
(EWT) into the geothermal heat pump or chiller; (ii) the 
maximum temperature rise across the (tube-in-shell) con 
denser of the chiller, or (tube-in-shell) heat exchanger in the 
geothermal heat pump during its cooling mode; and (iii) the 
minimum and maximum volumetric flow rates of water 
through the geothermal heat pump or chiller. 
0307 Typically, these operating conditions or limits can 
be found in the manufacturer's installation and/or operating 
instructions that ship with the geothermal heat pump or 
chiller unit. When the geothermal heat pump or chiller is 
operated within these specified operating conditions/limits, 
maximum performance will be achievable, and the longevity 
of the geothermal equipment maximized. 
0308 Using these operating conditions/limits, the engi 
neer simply determines the minimum and maximum limits on 
inlet water temperature into the GHE installation as follows: 
0309 (i) the minimum inlet water temperature into the 
GHE installation T(min) is typically taken to be the average 
deep Earth temperature, which provides the starting tempera 
ture at which performance testing should be conducted in 
accordance with the method specified in FIGS. 10A through 
10I; and 
0310 (ii) the maximum inlet water temperature into the 
GHE installation T(max) can be found by adding together 
(i) the maximum entering water temperature (EWT) into the 
geothermal heat pump or chiller and (ii) the maximum tem 
perature rise across the condenser during the cooling mode, 
i.e.T., (max)-Terry (max)+T. 
0311. Once determined, the engineer records these mini 
mum and maximum inlet water temperature limits T (min), 
T(max), and determines how many 5 F. temperature inter 
vals exist between these two limits, and records these inlet 
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water temperature values as test points for the GHE perfor 
mance test to be conducted in accordance with FIGS. 10A 
through 10I. 
0312 FIGS. 11A through 11D show exemplary GHE Per 
formance Charts plotted at five sampling points taken 
between the inlet water temperature range T.(85° F.).T. 
(105°F), for four fixed values of volumetric water flow rate 
between the range {V(9.0 gpm), W(18 gpm)} recommended 
by Kelix Heat Transfer Systems as the upper and lower volu 
metric flow rate limits for its ThermacoupleTM TC50 GHE 
system. 
0313. The manufacturer's minimum and maximum limits 
on the volumetric flow rate of water through the geothermal 
heat pump or chiller will typically differ from the minimum 
and maximum Volumetric flow rates through a Therma 
coupleTM GHE installation. Thus, it would be helpful for the 
engineer to conduct the GHE performance test, specified in 
FIGS. 10A through 10I, at volumetric flow rates within the 
range of V(9.0 gpm), W(18 gpm)}. FIGS. 12A through 12D 
show exemplary GHE Performance Charts plotted at four 
sampling points taken between the Volumetric flow rate range 
{V(9.0 gpm), W(18 gpm)}. 
0314 Having made the above determinations, the engi 
neer is now ready to conduct the GHE performance test 
specified in FIGS. 10A through 10I within boundaries set by 
“earth-side' operating conditions/limits that have been speci 
fied by the manufacturer of the geothermal equipment (e.g. 
heat pump or chiller unit) selected for constructing the geo 
thermal system under design. 

Measuring And Charting The Performance Characteristics Of 
A Ground Heat Exchanger (GHE) Installation Using The 
GHE Performance Test Instrumentation 

0315. Having determined the upper and lower “limits” for 
GHE performance testing at the designated site for a particu 
lar geothermal project, the engineering team is ready to mea 
Sure and chart a complete set of performance characteristics 
of the GHE installation using the GHE Performance Instru 
ment and Performance Test Method specified herein. 
0316 Under precisely controlled conditions specified in 
FIGS. 10A through 10I, the temperature, pressure, and volu 
metric flow rate of water flowing into and out of the GHE 
installation, will be accurately measured, logged and 
recorded during GHE performance testing, and Subsequently 
processed to generate the Performance Charts specified in 
FIGS. 11A through 12D. These Performance Charts will 
provide great insight into how a single GHE installation per 
forms at the specific test site, within the operating limits 
specified by geothermal equipment manufacturer. 
0317. As shown in FIGS. 11A through 11E, and 12A 
through 12D, a pair of Performance Charts are generated for 
each performance measure defined and specified herein (i.e. 
HTR, FWR, EER and HTE), using collected test data. These 
Performance Charts show illustrated two important charac 
teristics, namely: 
0318 (i) how the GHE installation measured against a 
particular energy performance metric (e.g. HTR) as the inlet 
water temperature T into the GHE installation was varied 
across the lower and upper operating limits of the perfor 
mance test, while the volumetric flow rate of water V through 
the GHE was maintained constant in a controlled manner by 
the GHE Performance Test Instrument; and 
0319 (ii) how the GHE installation measured against the 
particular performance metric (e.g. HTR) as the volumetric 
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flow rate of water v through the GHE was varied across the 
lower and upper operating limits of the performance test, 
while the inlet water temperatureT, into the GHEinstallation 
was maintained constant in a controlled manner by the GHE 
Performance Test Instrument. 

0320 From the empirically generated Performance Charts 
shown in FIGS. 11A and 12A, the engineering team can 
determine the maximum heat transfer rate (HTR), Q(max, 
{T,(min),T(max)}) that a single GHE installation is 
capable of Supporting with the deep Earth environment at 
deep Earth temperature T, within the lower and upper oper 
ating limits set on the inlet water temperature T by the 
manufacturer of the geothermal equipment selected for the 
geothermal system project. 
0321. The engineering team can quickly calculate the total 
number of GHEs installed at least 20 feet apart at the test site, 
N(total.d-20 feet), to size, design and construct a GLHE 
Subsystem capable of Supporting the peak cooling load of the 
geothermal system, Q(peak), by the following 
formula: 

(peak) Osystem, cooling 
Nghe (total, d = 20 feet) = . . . . . . 

Q(max, {Ti(min), Ti (max)}) 

where Q (peak) is the peak load of the geothermal 
system under design during its cooling mode, and where 
Q(max. {T,(min),T(max)}) is the maximum heat trans 
fer rate (HTR) that a single GHE installation is capable of 
supporting with the deep Earth environment at deep Earth 
temperature T, within the lower and upper operating limits 
set on the inlet water temperature T by the manufacturer of 
the geothermal equipment selected for the geothermal system 
project. 
0322 The engineering team can use the other generated 
Performance Charts, illustrated in FIGS. 11B through 11E 
and 12B through 12D, to assess the performance of the GHE 
installation test site against the empirically-determined 
energy performance measures, and Support decisions during 
the ground loop engineering process. 
0323 Before describing the Performance Test Method 
specified in FIGS. 10A through 10I, it should be noted here 
that the GHE Performance Test should not be conducted until 
five (5) days after a GHE test installation has been completely 
installed in its deep Earth environment. This five day wait 
period is required to allow sufficient time for thermal energy 
(e.g. heat of hydration) generated by the thermally-conduc 
tive grouting during curing, to dissipate to insignificant levels 
and attain a state of thermal equilibrium with the Surrounding 
borehole. If this time is not allowed, before conducting a GHE 
Performance Test, then one can expect inaccurate results 
when measuring the deep Earth temperature during the 
method of FIGS. 10A through 10I, due to the release of heat 
energy associated with the formation of chemical bonds in the 
thermally-conductive grouting used in the GHE. 
0324. Also, field technicians conducting GHE Perfor 
mance Tests should make certain that all ground fault circuit 
breaker amperage ratings, line Voltages, and ground wire 
sizes, in connection with GHE performance test instrumen 
tation employed, are in accordance with the National Electri 
cal Code and any local electrical regulations. 
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The GHE Performance Test Method Of The Preferred 
Embodiment Of The Present Invention 

0325 STEP 1: Install a GHE in a borehole drilled in the 
Earth at a test location where a planned GLHE subsystem is to 
be constructed using multiple GHEs. 
0326 STEP 2: Before conducting a Performance Test on 
the installed GHE, determine the range of inlet temperature 
values {Ti(min)...T(max) and Volumetric flow rates { 
V(min). . . V.(max)} over which the Performance Test 
will be conducted. Enter these test points into the GHE Per 
formance Calculator, as a reminder of the GHE Performance 
Test limits on the test site. 
0327 STEP3: Connect the Enthalpy-Based GHE Perfor 
mance Test Instrumentation to the input and output ports of 
the installed GHE, and charge the resulting test ground loop 
with a predetermined fixed quantity of water (i.e. heat trans 
ferring fluid) with an inlet water pressure P=15.5 psig). 
0328 STEP 4: Start the water circulation pumps and cir 
culate the predetermined quantity of water through the test 
loop at a constant volumetric flow rate V=9.0 GPM through 
the test ground loop. 
0329 STEP 5: Start measuring, logging and recording at 
60 second sampling intervals, the controlled volumetric flow 
rate v measured in units of GPM, the inlet and outlet/return 
water temperatures T, and T, measured in units of F.I. 
and inlet and outlet/return water pressures P, and P. mea 
sured in units of PSIG, hereinafter collectively referred to as 
“Test Data'. Periodically, import such test data into the 
Spreadsheet GHE Performance Calculator Worksheet of the 
Spreadsheet-Based GLE Workbook. 
0330 STEP 6: Monitor the loop water temperatures T. 
and T and determine when these temperatures are approxi 
mately equal T-T which will be deemed a steady-state 
thermal equilibrium value approximating the deep Earth tem 
perature T =T-T, which typically will fall within the 
range of about 45° F. to about 80° F. depending on the bore 
hole location in the Earth. 
0331. To ensure that the GHE, surrounding borehole envi 
ronment, and water flowing through the GHE, have entered a 
state of thermal equilibrium with each other, where 
T-TT, the water should be allowed to circulate 
through the GHE for a sufficient length of time that can only 
be determined empirically for any give test site. During this 
time period, one should observe the inlet and outlet tempera 
tures T.T., asymptotically converging towards a steady 
state value representing the average deep Earth (Surrounding 
borehole) temperature T. The ability to monitor such tem 
perature changes in real-time at the test site will be helpful 
during this phase of performance testing. Once the thermal 
equilibrium state has been determined, using the assistance of 
the Thermal Equilibrium Indices (TEIs) automatically calcu 
lated in the GHE Performance Calculator Worksheet, using 
the formulas derived hereinabove, the estimated deep Earth 
temperature T be manually recorded as an Input Data 
parameter in T. provided in the GHE Performance Calcula 
tor Worksheet of the Spreadsheet-Based GLE Workbook. 
0332. Notably, the performance data collected during 
Steps 5 and 6 will provide useful insight into the time-re 
sponse characteristics of the GHE installation, as it stores up 
thermal energy in the mass of its heat transferring fluid (e.g. 
water), physical structure and Surrounding borehole Earth 
environment, and attains a state of thermal equilibrium with 
the GHE test instrument and the deep Earth environment, 
during thermal loading conditions. 
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0333 STEP 7: When T=TT and while the water 
heating module is still de-energized and not Supplying heat 
energy into the water loop, start monitoring and recording the 
inlet and outlet temperatures and pressures and Volumetric 
flow rate at 60 second sampling/measuring intervals, for at 
least a one hour period. 
0334 STEP 8: Maintain the volumetric flow rate at 9.0 
GPM and start the electric-powered water heater module 
and begin introducing thermal energy/power into the water 
circulated through the test ground loop so that a constant 
minimum inlet water temperature F-T(min) in the test 
range is maintained by the GHE Performance Test Instru 
ment. 

0335 STEP 9: Measure, log and record Test Data foratest 
period of 4 hours once thermal equilibrium steady state con 
ditions T-E (min) have been attained by the GHE system 
under controlled performance testing conditions. 
0336 STEP 10: Increase the volumetric flow rate W to 12 
GPM while maintaining inlet temperature T constant and 
continue to measure, log and record Test Data for 4 hours 
once thermal equilibrium has been attained at the test site. 
0337 STEP 11: Repeat the test for volumetric flow rates 
W=15 GPM and V=18 GPM while maintaining the inlet 
temperature T, constant, and collecting 4 hours of Test Data 
for each GPM setting once thermal equilibrium has been 
detected. 

0338 STEP 12: Increment inlet temperature T by 5°F). 
and repeat the test for values of volumetric flow rates 9, 12, 15 
and 18 GPM), collecting 4 hours of Test Data for each 
Volumetric flow rate setting once thermal equilibrium has 
been detected, and repeat the test for increments of inlet 
temperature T by 5 F., until F-F(max) has been 
reached at the test site. 

0339 STEP 13: Maintain the volumetric flow rate Wat 18 
IGPM), and T-T (max), and collect and record Test Data 
for 4 hours T(min), and collect and record Test Data for 48 
hours once thermal equilibrium has been detected. 
(0340 STEP 14: Decrease T by 5°F), while maintaining 
a volumetric flow rate W=18 GPM, and collect 4 hours of 
Test Data once thermal equilibrium has been detected. 
(0341) STEP 15: Repeat Step 14, each time collecting 4 
hours of Test Data (at thermal equilibrium), and stop after 
E= (min) has been attained and Test Data collected at this 
test point. 
(0342 STEP 16: Decrease the volumetric flow rate by 3 
GPM to V=15 GPM), and reset T to T(min) and collect 
4 hours of Test Data once thermal equilibrium has been 
detected at the test site. 

0343 STEP 17: Maintain the volumetric flow rate W that 
has been set at STEP 16, and increase the inlet water tem 
perature T by 5 °F., and collect Test Data for 4 hours once 
thermal equilibrium has been detected; repeat the test for 
increments in T. by 5° F., while the volumetric flow rate V 
is maintained constant, until T- (max) has been reached 
at the test site. 

(0344 STEP 18: While FT=(max), decrease the volu 
metric flow rate Vby 3 GPM to 12 GPM), and collect Test 
Data for 4 hours once thermal equilibrium has been detected. 
(0345 STEP 19: Maintain the volumetric flow rate W set at 
STEP 18, and decrease T by 5° F.), then collect Test Data 
for 4 hours once thermal equilibrium has been detected at the 
test site. 
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(0346 STEP 20: Repeat STEP 19, each time collecting 4 
hours of Test Data at thermal equilibrium conditions, and stop 
after T-E (min) has been attained and Test Data has been 
collected at this test point. 
(0347 STEP21: Decrease the volumetric flow rate W by 3 
GPM to V=9 GPM and set F=F(max) and collect 4 
hours of Test Data once thermal equilibrium has been 
detected. 
0348 STEP 22: Maintain the volumetric flow rate W set at 
STEP 21, and increase T by 5° F., then collect Test Data 
for 4 hours once thermal equilibrium has been detected at the 
test site; then repeat the test for increments in T, while the 
volumetric flow rate W is maintained constant until T. 

(max). 
0349 STEP 23: Maintain the volumetric flow rate V at 9 
GPM, de-energize the waterheating module and continue to 
circulate water through the GHE while collecting Test Data. 
0350 STEP 24: Monitor the inlet and outlet water tem 
peratures into and out of the GHE, and determine when these 
temperatures are approximately equal, TT at thermal 
equilibrium conditions, approximating the deep Earth tem 
perature about the GHE, i.e. TT T. 
0351. To ensure that the GHE, surrounding borehole envi 
ronment, and water flowing through the GHE, have returned 
to a state of thermal equilibrium with each other, where 
T-TT, the water should be allowed to circulate 
through the GHE for at least five (5) hours. During this time 
period, one should observe the inlet and outlet temperatures 
T.T., asymptotically converging towards a steady-state 
value representing the average deep Earth (Surrounding bore 
hole) temperature T, and that this value should be substan 
tially the same value as the average deep Earth temperature 
measured during STEP 7, above. 
0352 STEP 25: When TTT indicating thermal 
equilibrium conditions, and while the waterheating module is 
still de-energized, monitor, log and record Test Data for at 
least a one hour period. 
0353 STEP 26: After recording one hour of Test Data 
while TTT stop the water circulation pumps and con 
clude the performance of the test. 
0354) STEP 27: For sampling intervals where thermal 
equilibrium conditions are indicated (i.e. by TEI =1.0 values 
in the Spreadsheet-based GHE Performance Calculator) use 
the Spreadsheet GHE Performance Calculator to: 
0355 (i) determine the specific enthalpy values for inlet 
and outlet water flows in the ground loop, hh expressed 
in units of BTU/lbm: 
0356 (ii) calculate the actual rate of heat energy transfer 
being exchanged between the GHE and its deep Earth envi 
ronment, Q measured in units of BTUs/Hr), using the 
enthalpy-drop based Heat Transfer Rate (HTR) formula 
Q rh(hi-ho) and specific enthalpytable for water shown 
in FIG.9B, automated by the Spreadsheet-based GHE Per 
formance Calculator shown in FIGS. 9A1 and 9A2; 
0357 (iii) calculate the Driving Thermal Potential Differ 
ence (TPD) AT=T-T between inlet ports of the GHE, 
and the deep Earth environment in the vicinity of the GHE, 
expressed in units of F: 
0358 (iv) calculate the Response Thermal Potential Dif 
ference (TPD) AT, T-T between inlet and outlet 
ports of the GHE, expressed in units of F.; and 
0359 (v) record the computed Q and Driving and 
Response TPD values into the Spreadsheet Enthalpy-Based 
GHE Performance Calculator. 
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0360. The calculated HTR figure provides the engineer 
with an empirical measure on the rate of heat energy (ex 
pressed in BTU/Hour) that a single installed GHE of specific 
borehole length can be expected to actually transfer (i.e. 
exchange) between the Earth and the geothermal heat pump 
or chiller system to which the GHE is connected, where such 
in situ heat transfer rate testing is performed. Also, such HTR 
measurements provide the ground loop engineer with an 
empirical measure on the rate of heatenergy that a linear foot 
of GHE can be expected to actually transfer (i.e. exchange) 
between the heat transferring fluid and the Earth, expressed in 
units of BTU/hr ft. 
0361 STEP 28: For sampling intervals where thermal 
equilibrium conditions are indicated, calculate the Flow Work 
Rate (FWR) of the GHE using the formula W = - 
inv(P-P) expressed in units of BTU/Hr, and record the 
results of the calculation. This FWR figure represents the rate 
of work performed by the water circulation pumps on the heat 
transferring fluid (i.e. water) in order to overcome frictional, 
Viscous and other energy losses and maintain the flow of the 
heat transferring fluid through the GHE, without any change 
in kinetic or potential energy of the water while flowing 
through the control volume of the GHE. This calculated figure 
provides a performance measure indicating how much (or 
little) work, measured in BTUs/Hr, is actually required by 
the ground loop pump to push and pull water through the inlet 
and outlet ports of each tested GHE. While typically not a 
significant figure with respect to other pressure-dissipating 
components in a GLHE Subsystem, this figure provides an 
actual measure of work continuously supplied to a GHE, 
which is required when computing the EER COP fig 
ure discussed below. 
0362 STEP 29: For sampling intervals where thermal 
equilibrium conditions are indicated, calculate the Energy 
Efficiency Ratio of the GHE using the formula 

Oghe 
EERhe. = COPhe EERh = = COPh. 

pg.he 

where the figures Q, W, have been calculated on a per 
linear foot of drilled borehole basis, and then record the 
EER value. 
(0363) The calculated EER COP figure provides a 
performance measure indicating how many heat transfer rate 
(HTR) units are achieved by the GHE for each unit of flow 
work rate (FWR) supplied by the circulation pump to the 
working fluid (water) moving through the GHE, and allowing 
for simple performance comparisons among different GHE 
technologies tested at any given loop field test site, or between 
different ground loop field test sites. 
0364 STEP 30: For sampling intervals where thermal 
equilibrium conditions are indicated, calculate the Heat 
Transfer Efficiency (HTE) of the GHE using the formula: 

real | hout (Tout f 
ghe hin (Tin, Pin) 

OC." | hout (Tide, f 
gie hin (Tin, Pin) 

HTEghe = 

Then, record the calculated HTE value. This calculated 3. 

HTE figure provides the engineer with a performance mea 
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sure indicating how close to an “ideal GHE, a particular 
“real GHE is performing in its deep Earth environment, 
under particular test or operating conditions. Notably, this 
energy-based performance figure is a function of inlet water 
temperature and deep Earth temperature, and thus varies 
when these parameters change. 
(0365 STEP31: Generate a GHE Performance Chart (Q. 
vs. T) for constant values of volumetric flow rate v within 
the operating limits of the performance test, as illustrated in 
FIG 11 A. 

10366) STEP32: Generate a GHE Performance Chart (Q. 
vs. AT) for constant values of volumetric flow rate V 
within the operating limits of the performance test, as illus 
trated in FIG. 11B. 
0367 STEP 33: Generate a GHE Performance Chart ( 
W vs. T.) for constant values of volumetric flow rate V 
within the operating limits of the performance test, as illus 
trated in FIG. 11C. 
0368 STEP34: Generate a GHE Performance Chart (EE 
R. VS. T.) for constant values of volumetric flow rate V 
within the operating limits of the performance test, as illus 
trated in FIG. 11D. 
0369 STEP 35: Generate a GHE Performance Chart 
(HTE vs.T.) for constant values of volumetric flow rate V 
within the operating limits of the performance test, as illus 
trated in FIG. 11E. 

10370) STEP36: Generate a GHE Performance Chart (Q. 
vs. V.) for constant values of inlet water temperature T, 
within the operating limits of the performance test, as illus 
trated in FIG. 12A. 
0371 STEP 37: Generate a GHE Performance Chart ( 
W vs. V.) for constant values of inlet water temperature 
T, within the operating limits of the performance test, as 
illustrated in FIG. 12B. 
0372 STEP38: Generate a GHE Performance Chart (EE 
R. vs. V.) for constant values of inlet water temperature 
T, within the operating limits of the performance test, as 
illustrated in FIG. 12C. 
0373 STEP 39: Generate a GHE Performance Chart 
(HTE vs. V) for constant values of inlet water tempera 
ture T, within the operating limits of the performance test, as 
illustrated in FIG. 12D. 
0374 STEP 40: Compile a Performance Report for the 
completed performance test period, including the generated 
Performance Charts for the GHE, illustrated in FIGS. 11A 
through 12D above. 

Overview On Engineering Ground Loop Heat Exchanging 
(GLHE) Subsystems Using The Ground Loop Engineering 
Process And Technology 
0375 While is a fact that the specific heat transfer rate 
(HTR) performance of any GHE will depend on the various 
factors considered hereinabove, it is highly recommended 
that enthalpy-based performance testing be conducted on all 
medium-to-large scale geothermal projects specifying the use 
of GHE technology. The recommended method for engineer 
ing Such GLHE Subsystems using GHE technology is 
described herein below. 
0376. However, it has been discovered that some very 
useful generalizations can be made about the use of GHE 
technology when constructing Small-scale GLHE Sub 
systems in deep Earth environments characterized by average 
deep Earth temperatures below about 60°F., and connected 
to geothermal equipment (GTE) producing maximum inlet 
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water temperatures T (max)-105 F., during full load oper 
ating conditions, so that the TPD “driving function for the 
GLHE subsystem will be 45 °F. or greater. 
0377 Based on experience with such geological/hydro 
geological environments and conditions, a GHE Design 
Library can be developed listing average (empirically deter 
mined) heat transfer rate (HTR) values that are achievable in 
deep Earth environments having aquifers and deep Earth 
temperatures below about 60 °F.). When using this GLE 
Method, particularly developed for small-scale geothermal 
projects, the engineer works with average empirically deter 
mined HTR figures of performance for GHEs listed in the 
GHE Design Library, and representing the “estimated 
capacity of a particular Thermacouple(R) GHE model to 
extract heat energy from or inject heat energy into a deep 
Earth environment (i.e. 30-300 feet deep) with Ts60°F). 
at the specified rate, expressed in units of Tons, or BTU/Hr, 
and alternatively, in units of BTU/Hr, per linear foot of the 
GHE BTU/Hr-ft. Designers and engineers use such pub 
lished heat transfer rate (HTR) figures to estimate how many 
300 foot GHEs will be required when installed 20 or more feet 
apart from each other in the loop field, to construct a GLHE 
Subsystem having a sufficient capacity to exchange heat 
energy with the deep Earth environment at rates which meet 
the requirements of the geothermal heat pump system to 
which it is connected. This average or estimated heat energy 
transfer rate Q. of a single GHE, provides a reliable mea 
sure on the heat transfer rate (HTR) capacity of a single GHE. 
0378 For medium-to-large scale projects (e.g. greater 
than 15 Tons of heating or cooling and/or where the deep 
Earth temperature is less than 60°F.), the ground loop engi 
neer is urged to conduct an in situ heat transfer rate (HTR) test 
on a single 300 foot test GHE installed at the loop field test 
site, using the GHE Performance Test Instrument disclosed 
herein, employing the enthalpy-based GHE performance test 
method taught herein. The purpose of the in situ performance 
test is to empirically determine the “actual rate of heat trans 
fer performance of a single foot GHE test installation, 
expressed in units of BTU/Hr, when constructed/installed in 
the particular loop field under construction. Using this 
empirically determined (actual) heat transfer rate figure for 
the given loop field under construction expressed in BTU/ 
Hr, or alternatively in an equivalent heat transfer rate per 
linear foot of GHE BTUs/hr-ft, the designer/engineer can 
quickly determine the optimal number (or linear feet) of GHE 
that must be installed in the specified loop field to construct a 
GLHE Subsystem having a Sufficient heat transferrate capac 
ity, in the most economical manner possible. Ground loop 
engineers are encouraged to allow for extra heat transfer rate 
(HTR) capacity in each GLHE subsystem design, as this extra 
HTR capacity will provide a desired degree of thermal stor 
age/banking to the resulting GLHE Subsystem under design 
and construction. 

Engineering Small-Scale Ground Loop Heat Exchanging 
(GLHE) Subsystems Using The Ground Loop Engineering 
Process And Technology Of The Present Invention 
0379 Multiple GHEs can be coupled together to construct 
Small-scale GLHE Subsystems (e.g. requiring less than 15 
Tons of heat transfer rate performance). In such size geother 
mal system projects, a “library-based design/engineering 
method is recommended. 
0380 STEP 1: Determine the total thermal load of the 
geothermal system under design. In cooling dominant loca 
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tions, this is achieved by computing the total HVAC thermal 
energy load (including Peak and Block Load calculations) of 
the building project, Q(max)-Qssencoating (peak). 
0381 STEP2: Divide the total HVAC thermal energy load 
by the average empirically-determined heat transfer rate 
(HTR) of a single GHE (i.e. 5 Tons or 60,000 BTU/Hr), to 
compute ground loop design parameter N the total number 
of GHES required to construct a small-scale GLHE sub 
system that meets the maximum heat transfer rate require 
ments of the building project, in the cooling or heating domi 
nant location, as the case may be. 
0382. The average empirically-determined HTR value for 
a particular GHE is specified in a GHE Library, for aquifer 
rich environments characterized by average deep Earth tem 
peratures under 60 °F.I. 
0383 For a given GHE, its HTR value is used to compute 
the total number of 300 foot Thermacouple(R) GHEs (Model 
TC50) that will be required to construct a small-scale Ther 
macouple(R) GLHE subsystem that will meet the maximum 
heat transfer rate requirements of the building project, in the 
cooling dominant location. 
0384. When designing a GLHE subsystem for heating 
dominant locations, the ground loop designer or engineer 
should confirm that the total factory-specified heating capac 
ity of the ground source heat pump(s), and other Supplemen 
tary, or auxiliary heating equipment sources to be used, are 
added up to meet the building heating load requirement. 
0385. The ground loop designer or engineer then com 
putes N the total number of GHES required to meet the 
maximum heat transfer rate requirements of the building 
project in the heating dominant location. This number N is 
computed using the following formula: 

O(peak) 
Q(average) 

where the peak thermal load figure of the building (or its 
geothermal equipment) is represented by Q(max)= 
Q(peak) and the average empirically-determined HTR 
value for a single GHE model, specified in the GHE Library, 
is represented by Q(average). ghe 

0386. At this stage, it is highly recommended that the 
ground loop engineer consult a local hydro-geologist with 
expertise in and knowledge of the local hydrogeology of the 
land on which the GLHE subsystem under design is being 
planned for construction/installation. 
0387 Also, it is highly recommended that the hydro-ge 
ologist consult with federal, state and local authorities who 
may have actual knowledge, and/or recorded evidence of the 
hydro-geological conditions on the proposed ground loop 
field, including aquifers and ground water formations and 
resources present in the terrestrial aquatic environment in 
which GHES will be installed. 

0388 STEP 3: Use the computed number of GHEs to 
layout the ground loop field using Suitable computer-assisted 
2D or 3D geometry modeling tools, such as AUTOCAD 
MEPR) software from Autodesk, Inc. 
0389 Ground loop fields are designed in various shapes 
and sizes, depending on the thermal loading requirements of 
the geothermal heat pump, chiller or HVAC equipment, to 
which the ground loops are connected. Also, most ground 
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loop fields are configured to fit within the available real estate 
property boundaries of the buildings being served. 
0390. As a general rule, at least a 20 footborehole-spacing 
distance should be established between neighboring bore 
holes of GHES, to minimize the effects of thermal influence 
between neighboring GHES, in the resulting GLHE sub 
system under design and construction. 
0391) However, it is understood that greater borehole 
spacing distances (e.g. 25 feet borehole spacing) is preferred, 
if and wherever possible. The reason is that additional bore 
hole/GHE spacing beyond 20 feet will increase the capacity 
of the deep Earth environment about each GHE to quickly 
absorb and disperse thermal energy within the semi-infinite 
deep Earth environment in which it is installed, without a 
measurable or significant change in the average deep Earth 
temperature T in the vicinity of the GHE, over long periods 
of time. 
0392 Placing GHEs too closely (i.e. significantly less than 
20 feet apart) runs the risk of changing the deep Earth tem 
perature over long periods of time, and degrading the local 
temperature gradients about each GHE. In accordance with 
the laws of heat transfer, strong local temperature gradients 
are required for the rapid transfer of heatenergy (i) from GHE 
into the deep Earth environment during cooling modes, and 
(ii) from the deep Earth environment into the GHE during 
heating modes of operation. 
0393 Also, at this stage, it is recommended that the 
ground loop designer or engineer consult a local hydro-ge 
ologist with expertise in and knowledge of the local hydro 
geology of the land on which the GLHE subsystem under 
design is being planned for construction/installation. The 
hydro-geologist should consult with federal, state and local 
authorities who may have actual knowledge, and/or recorded 
evidence of the hydro-geological conditions on the proposed 
ground loop field, including aquifers and ground water for 
mations and resources present in the terrestrial aquatic envi 
ronment in which GHEs will be installed. 
0394 STEP 4: Design a ground loop Zoning and piping 
arrangement that meets the requirements of the ground loop 
layout designed in STEP3. 
0395. In connection with ground loop layout design, it is 
understood that there are many ways to layout (i.e. distribute) 
a predetermined number of GHEs about the premises of a 
building or building complex. The ground loop field designer 
should consider the number of “Heating/Cooling Zones' 
being provided for in the building environment whose space 
is to be automatically controlled, and also the maximum 
thermal load that each Such Heating/Cooling Zone must 
handle by design. 
0396 The ground loop field designer and engineers should 
also consider ways of intelligently (i) organizing groups of 
GHES into “Ground Loop Zones. (ii) assigning one or more 
“Heating/Cooling Zones' to a Ground Loop Zone, and (iii) 
then connecting these Heating/Cooling Zones to the Ground 
Loop Zones by networks of fluid piping, including water 
circulation pumps, valves, manifolds and other controls and 
CaSUS. 

0397. When designing, constructing and testing such 
underground fluid piping networks, reference should be made 
to any Installation Instructions, provided by the manufacturer 
of the GHE system. Such documents will provide technical 
guidance and instruction required to design, construct and test 
Such underground fluid piping networks using conventional 
materials, methods and standards. 
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0398. When properly designed and constructed, such 
underground fluid piping networks should interconnect 
installed GHES together, along with water circulation pumps, 
valves, manifolds and controls, to form Ground Loop Zones 
that are connected to geothermal heat pumps, the unloading 
sections of chillers, or other thermal conditioning equipment, 
to complete any GLHE subsystem. 
0399 STEP 5: Construct the finally designed GLHE sub 
system at the specified test site using (i) the number of GHES 
determined in STEP3, (Ii) the ground loop field layout deter 
mined in STEP 3, and (iii) ground loop piping arrangement 
determined in STEP 4. 
0400 STEP 6: Test and tune the installed GLHE sub 
system as taught hereinafter. 
0401 STEP 7: Install and configure an Enthalpy-Based 
Ground Loop Performance Monitoring Module in accor 
dance with the principles and procedures taught herein. 

Engineering Medium-To-Large Scale Ground Loop Heat 
Exchanging (GLHE) Subsystems. Using The Ground Loop 
Engineering Process And Technology Of The Present Inven 
tion 

0402 Multiple GHEs can be coupled together to construct 
medium-to-large scale GLHE Subsystems (e.g. requiring 
more than 15 Tons of heat transfer rate performance). In such 
size geothermal system projects, a rational performance 
driven design/engineering method is recommended, as 
described below. 
0403. During the GHE Performance Test described in 
FIGS. 10A through 10I, the GHE Performance Test Instru 
ment drives the GHE test installation over a controlled range 
of inlet water temperatures {Ti(min),T(max)} while the 
volumetric flow rate V is maintained substantially constant 
during performance testing operations, so that test data can be 
collected which will allow the GHE Performance Chart of 
FIG. 11A to be generated using enthalpy-based HTR calcu 
lation techniques, and without knowledge of the many 
unknowns and unknowable parameters beneath the deep 
Earth environment. 
04.04 The Performance Chart of FIG. 11A shows the 
actual heat transferrate (HTR) performance characteristics of 
a single GHE Installation during highly-controlled perfor 
mance testing conditions that emulate a full range of thermal 
loading effects to be expected by the selected geothermal 
equipment (GTE) used to construct the geothermal system. 
04.05 From such empirically-determined values of HTR 
and controlled values of T to drive the GHE test installation, 
the alternative GHE performance Chart of FIG. 11B can be 
generated as well. From this Performance Chart, the Total 
Thermal Conductance of the GHE installation can be mea 

sured for different values of TPD (AT-T-T) and 
volumetric flow rate V, which are under the control of the 
engineers conducting Such GHE Performance Testing opera 
tions. 
0406. Then, engineers will use these Performance Charts, 
along with the peak thermal load conditions Q(peak) for 
the building, to rationally determine (ii) number of GHES 
required to meet the heat transfer rate requirements of the 
geothermal system under design, as well as (ii) the required 
Volumetric flow rates required to support Such heat transfer 
rates on both sides of the geothermal system. 
04.07 STEP 1: Determine the peak thermal (HVAC) load 
Q(max) of the Geothermal System under design (i.e. typi 
cally greater than 15 Tons), as explained above. 
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0408 STEP 2: Determine the “performance or operating 
limits of the selected geothermal equipment (e.g. chiller or 
heat pump equipment) specified by its manufacturer (e.g. 
maximum outlet water temperature T(max)=T(max) and 
maximum volumetric flow rate V.(max)). 
04.09 Consider, for example, a 30 Ton geothermal system 
project calling for a 30 Ton Reversible Chiller, whose full 
load operating limits are specified in its Performance Data 
Table, setting forth, Entering Source (Water) Temperature 
(EST), Load Flow Rate GPM), Leaving Source (Water) 
Temperatures (LST) F., and other performance/operating 
parameters. Analyzing this Table, the engineer should deter 
mine T.(max)=T,(max) and V.(max). Then T.(max) 
=T(max) should be used as operating limits on inlet water 
temperature during the GHE Performance Test. Also, 
V(max) should be used to design the maximum volumetric 
flow rate through the geothermal equipment (GTE). 
0410 STEP 3: Use the Performance Test Instrument to 
conduct a GHE Performance Test on a single GHE installed at 
the ground loop test site, according to the Test Method speci 
fied in FIGS. 10A through 10I, and within the Operating 
Limits determined in STEP 2. 
0411. Also, at this stage, it is recommended that the engi 
neering team consult a local hydro-geologist with expertise in 
and knowledge of the local hydrogeology of the land on 
which the GLHE subsystem under design is being planned for 
construction/installation. The hydro-geologist should consult 
with federal, state and local authorities who may have actual 
knowledge, and/or recorded evidence of the hydro-geological 
conditions on the proposed ground loop field, including aqui 
fers and ground waterformations and resources present in the 
terrestrial aquatic environment in which GHEs will be 
installed. 
0412 STEP 4: From Test Data collected during STEP3, 
generate a set of Performance Charts for the GHE installation, 
illustrated in FIGS. 11A through 11E and 12A through 12D. 
0413 STEP5: From the Performance Charts generated in 
STEP 4, determine: 
0414 (i) the maximum Heat Transfer Rate, Q(max) 
which a single GHE installation can support with the deep 
Earth, at inlet water temperature T, within the Operating 
Limits determined in STEP 2, and 
0415 (ii) the maximum volumetric flow rate of water 
V(max) that must flow through the Thermacouple(R) GHE 
to support the maximum HTR figure of performance 
Q(max). 
0416) STEP 6: Based on the Q(max) figure of perfor 
mance determined in STEP 5, and using an inter-borehole 
spacing of at least 20 feet at the ground loop site, determine 
the N total number of Thermacouple(RGHEs required to meet 
the peak thermal/cooling load of the geothermal system, 
Q(max). 
0417. To determine the ground loop design parameter N. 
the first step involves analyzing the empirically-generated 
Performance Charts shown in FIGS. 11A and 12A, and deter 
mining the maximum heat transfer rate (HTR), Q(max, 
{T,(min), T., (max)}) which a single GHE installation is 
capable of Supporting with the deep Earth environment at 
deep Earth temperature T (i.e. within the lower and upper 
operating/performance limits of the selected geothermal 
equipment, determined by the manufacturer thereof). Typi 
cally, operating/performance limits including, entering 
Source water temperature (EST), leaving source water tem 
perature (LST), average temperature rise across the con 
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denser, and volumetric flow rate, are used in STEP 2 to 
determine the upper and lower limits on the inlet water tem 
perature T. during GHE Performance Testing. 
0418. Once Q (max, {T,(min).T., (max)}) has been 
determined from the Performance Charts, the engineering 
team can quickly calculate N.(total.d-20 feet), i.e. the total 
number of GHEs installed at least 20 feet apart at the test site, 
required to construct a GLHE Subsystem capable of Support 
ing the peak cooling load of the geothermal system, 
Q(max)-Qssenhearing(peak) Qsystem cooing(peak). 
(0419) The total number of GHES, N, N, is determined 
by the following formula: 

(peak) Osystem, cooling 
N(total, d = 20 feet) = or 

Q(max, Tin (min), Tin (max)}) 

where Q (peak) is the peak load of the geothermal 
system under design during its cooling mode, and where 
Q(max. {T,(min),T(max)}) is the maximum heat trans 
fer rate (HTR) that a single GHE installation is capable of 
supporting with the deep Earth environment at deep Earth 
temperature T, within the operating limits set on the inlet 
water temperature T. T., (min), T., (max)} by virtue of the 
operating/performance limits of the geothermal equipment, 
and the average deep Earth temperature T of the ground 
loop test field. 
0420. The engineering team can use the other generated 
Performance Charts, illustrated in FIGS. 11B through 11E 
and 12B through 12D, to assess the performance of the GHE 
installation test site against the performance measures, and 
Support decisions during the ground loop engineering pro 
CCSS, 

0421 STEP 7: Based on design parameters N, the total 
number of GHEs determined in STEP 6, and V.(max) the 
maximum volumetric flow rate through each GHE, determine 
the maximum volumetric flow rate V.(max) that must flow 
through the GLHE subsystem constructed from N number of 
GHEs installed at the ground loop test site, so that the result 
ing GLHE Subsystem is capable of Supporting the maximum 
thermal load Q (max) required by the geothermal system. 
0422 STEP 8: Interfacing The Selected Geothermal 
Equipment (GTE) And The Designed GLHE subsystem 
0423 CASE 1: If the volumetric flow rate V8' (max) 
required by the GLHE subsystem is equal to the maximum 
volumetric flow rate V.(max) specified by the manufacturer 
of the selected geothermal equipment, then plan on directly 
connecting the selected geothermal equipment (GTE) to the 
designed GLHE subsystem, without the use of a plate heat 
exchanger (PHE) or other heat exchanging device. 
0424 CASE 2: If the volumetric flow rate V.(max) 
required by the GLHE subsystem is greater or less than, and 
not equal to the maximum volumetric flow rate V.(max) 
specified by the manufacturer of the selected geothermal 
equipment, then design a Plate Heat Exchanger (PHE) for 
installation between the selected geothermal equipment 
(GTE) and the designed GLHE subsystem, as shown in FIG. 
14. 
0425 The purpose of the PHE is to provide a first hydrau 

lic loop between the geothermal equipment and the PHE, and 
a second hydraulic (isolated) loop formed between the PHE 
and the GLHE subsystem, while along the first hydraulic 
loop, the PHE should support V.(max) and T.(max), 

Sep. 15, 2011 

specified by the full load operating conditions of the GTE, 
and along the second hydraulic loop, the PHE should support 
V(max) and T (max) specified by the full load operating 
conditions of the GLHE subsystem. 
0426 To determine the inlet water temperature into the 
PHE along the second hydraulic loop, Ta-Tu, a reit 
erative-based method can be applied across the control vol 
ume of the GLHE subsystem, employing the following 
enthalpy-based formula: 

on.(max)- 
inte(max) h(T.ghei (max)Pghein)-h (T.sheeta (max)Pgihe out). 

where the volumetric flow rate V.(max) and the mass flow 
rate Tgtheou (max) Taihei,(max)-AThe approach through the 
second hydraulic loop are related by the relation 

ringihe (max) 8 V glhe (max) = 

where p is the specific density of water. 
0427 By design, the maximum inlet temperature into the 
GLHE should be equal to the outlet water temperature on the 
secondary side of the PHE, i.e.T.u.,(max)-T2. (max) and 
the outlet water temperature from the secondary side of the 
PHE should be a few degrees (at most) less than the inlet 
water temperature into the primary side of the PHE, i.e.T. 
in (max)-T2, TI(max)-ATnet where the 
approach range ATieri, is typically designed to be a 
few degrees or so depending on the application. 
0428. Also, the maximum outlet water temperature pro 
duced by the GTE is equal to the maximum inlet water tem 
perature into the primary side of the PHE, i.e. T(max) 
=T(max). Also, the maximum entering water temperature 
into the GTE at full load conditions is equal to the outlet water 
temperature on the primary side of the PHE, i.e. Teet,(max) 
=T 1,(max). 
0429 To determine the maximum entering water tempera 
ture into the GTE along the first hydraulic loop, T., (max) 
=T(max), reference should be made to the GTE's Perfor 
mance Data for Such figures. Alternatively, one can apply a 
reiterative-based method across the control volume of the 
GTE, and employ the following enthalpy-based formula: 

ii. (max) Ih (T.gieira (max)Pgtein)-h(T.geou?(max)Pgeout)) 
where volumetric flow rate V.(max) and mass flow rate 
rin (max) through the first hydraulic loop are related by the 
formula: 

iinae (max Vgte (max) = gte (max) 

where p is the specific density of water. 
0430. After a few number of reiterations using the target 
Q(max) and the maximum leaving water temperature from 
the GTE Teou? max), Teet,(max) can be calculated reitera 
tively using the ThermacoupleTM GHE Performance Calcu 
lator, and thus providing an estimated value for T (max) 

get,(max). 
0431. With these input and output temperature and volu 
metric flow rate specifications, the engineer order a custom 
ized two-fluid stream, counter-flow type PHE, from any one 

lozit 
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or a number of PHE manufacturers, that will meet these 
design specifications. In some applications, a multi-pass PHE 
arrangement might be necessary to achieve the desired 
approach required by the particular application. For addi 
tional information about the design, application and perfor 
mance of plate heat exchangers (PHEs), reference is made to 
PLATE HEAT EXCHANGERS: DESIGN, APPLICA 
TIONS AND PERFORMANCE (2007) by L. Wang, B 
Sunden and R. M. Mangglik, published by WIT Press, Bil 
lerica, Mass. 
0432 STEP 9: Use the determined N number of GHEs to 
layout the ground loop field using Suitable computer-assisted 
2D or 3D geometry modeling tools, such as, for example, 
AUTOCAD MEPR) CD software from Autodesk, Inc. 
Ground loop fields are designed in various shapes and sizes, 
depending on the thermal loading requirements of the geo 
thermal HVAC or chiller systems, to which the ground loops 
are connected. It understood that there are many ways to 
layout (i.e. distribute) a predetermined number of GHES 
about the premises of a building or building complex. Also, 
most ground loop fields are configured to fit within the avail 
able real estate property boundaries of the buildings being 
served. 
0433. As a general rule, a 20 foot borehole-spacing dis 
tance is recommended between neighboring boreholes of 
GHEs, to achieve sufficient thermal isolation between neigh 
boring GHES, in the resulting GLHE subsystem under design 
and construction. Also, it is understood that greater borehole 
spacing distances (e.g. 25 feet borehole spacing) is preferred, 
if and wherever possible. Additional borehole/GHE spacing 
beyond 20 feet will increase the capacity of the deep Earth 
environment about each GHE, to quickly absorb and disperse 
thermal energy with the semi-infinite deep Earth environment 
in which it is installed, without a measurable or significant 
change in the average deep Earth temperature T in the 
vicinity of the GHE, over long periods of time. 
0434 Placing GHEs too closely (i.e. significantly less than 
20 feet apart) runs the risk of changing the deep Earth tem 
perature over long periods of time, and degrading the local 
temperature gradients about each GHE. In accordance with 
the laws of heat transfer, strong local temperature gradients 
are required for rapid transfer of heat energy (i) from GHE 
into the thermal mass of the deep Earth environment during 
cooling modes, and (ii) from the deep Earth environment into 
the GHE during heating modes of operation. 
0435. Only when the thermal conductivity properties of 
the deep Earth environment have been brought into serious 
question for a large project planned on a relatively small 
parcel of land and there is a need to install GHEs substantially 
less than 20 feet apart, then performing the “Deep Earth 
Temperature Response Test specified hereinafter is recom 
mended. The sole purpose of this test, which will require at 
least two (and possibly more than) two weeks to perform for 
reliable test results, will assist the ground loop engineer in 
determining a minimal borehole spacing for GHES installed 
in a high-density manner, without significant thermal influ 
ences between neighboring GHES degrading the performance 
of Such GHES. 
0436 STEP 10: Design a ground loop Zoning and piping 
arrangement that meets the requirements of the ground loop 
layout designed in STEP 9. The ground loop designer or 
engineer should consider the number of “Heating/Cooling 
Zones' being provided for in the building environment whose 
space is to be automatically controlled, and also the maxi 
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mum thermal load that each Such Heating/Cooling Zone must 
handle by design. The ground loop designer and engineers 
should also consider ways of (i) intelligently organizing 
groups of GHES into “Ground Loop Zones, (ii) assigning 
one or more “Heating/Cooling Zones' to a Ground Loop 
Zone, and (iii) connecting these Heating/Cooling Zones to the 
Ground Loop Zones by networks of fluid piping, including 
water circulation pumps, Valves, manifolds and other controls 
and measures. 

0437. When designing, constructing and testing Such 
underground fluid piping networks, reference should be made 
the Installation Instructions of the GHE. Such documents 
should provide technical guidance and instruction required to 
design, construct and test Such underground fluid piping net 
works using conventional materials, methods and standards. 
0438. When properly designed and constructed, such 
underground fluid piping networks should interconnect 
installed GHES together, along with water circulation pumps, 
valves, manifolds and controls, to form Ground Loop Zones 
that are connected to geothermal heat pumps, the unloading 
sections of chillers or other thermal conditioning equipment, 
to complete any GLHE subsystem. 
0439 STEP 11: Construct the designed GLHE subsystem 
at the specified ground loop test site using the N determined 
number of GHES, and, if necessary the designed PHE indi 
cated in STEP 8, in accordance with the ground loop layout 
design and Zoning and piping arrangement. Construct the 
finally designed GLHE subsystem in the specified test site 
using the determined number of GHES, and ground loop field 
layout determined in Step 9, and piping arrangement deter 
mined in Step 10. 
0440 STEP 12: Use the Performance Charts generated in 
STEP 4, to test and tune the constructed GLHE subsystem 
operating within the Operating Limits specified in STEP2. Or 
Test and tune the installed GLHE subsystem as taught herein. 
Optionally, the engineer may Install and configure an 
Enthalpy-Based Ground Loop Performance Monitoring 
Module in accordance with the principles and procedures 
taught herein. 

Interconnecting Ground Heat Exchangers With Water Circu 
lation Pumps, Plate Heat Exchangers (PHE), And Geother 
mal Equipment (GTE) Using Conventional Piping Materials, 
Methods And Standards 

0441. Every GLHE subsystem is constructed from one or 
more GHES, interconnected with water circulation pumps 
and geothermal equipment using conventional piping mate 
rials, methods and Standards. However, the integrity of any 
fluid piping network, employed in the construction of any 
GLHE Subsystem, will depend on many factors including 
design and construction considerations, methods, materials, 
and workmanship. 
0442. By virtue of its system composition, a fluid piping 
network is comprised of many components, including, for 
example, pipes, flanges, Supports, gaskets, bolts, valves, 
strainers, flexible and expansion joints. In general. Such com 
ponents can be made from a variety of materials, in different 
types and sizes, and may be manufactured to common 
national standards or according to a manufacturer's propri 
etary specifications. Such standards include, but are not lim 
ited to piping codes and standards established by ASME, 
ANSI, ASTM, AGA, API, AWWA, BS, ISO, and DIN. 
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0443. In any event, when constructing a fluid piping net 
work for a GLHE subsystem, the following guidelines should 
be followed closely and carefully: 
0444 GUIDELINE 1: Refer and conform to the Installa 
tion Instructions of the GHE with regard to designing, con 
structing and testing ground heat exchangers (GHES). 
0445 GUIDELINE 2: Make certain that every GHE 
installed in a GLHE subsystem is installed in parallel with 
other GHEs of the same size and supplied with the same 
Volumetric flow rate of water during geothermal system 
operation. 
0446 GUIDELINE 3: Design and install all piping sys 
tems in accordance with ASME B31.9 Building Services 
Piping standards, which relates to piping typically found in 
institutional, commercial, and public buildings, multi-unit 
residences, geothermal heating systems, and district heating 
and cooling systems. 
0447 GUIDELINE 4: Install all piping components in 
accordance with the manufacturer's installation instructions. 
0448 GUIDELINE 5: Refer and conform to the Interna 
tional Mechanical and the International Plumbing Codes for 
useful references to materials and methods used in piping 
construction. 

0449 GUIDELINE 6: refer and conform to the pump 
manufacturer's installation instructions regarding Volume 
flow rates (GPM settings), electrical specifications, and opti 
mum pump sizing. Standard installation practices are advised 
in regard to pipe sizing and friction losses. 
0450 GUIDELINE 7: Whenever possible, avoid the use 
of pipe size reducers, and ells, at or near circulation pumps, 
which contribute to system wide energy efficiency losses. 
0451 GUIDELINE 8: Refer and conform to the ASME 
B31.9 building standard setting forth requirements for Piping 
that conducts water or antifreeze solutions used for heating 
and cooling, as such additives can reduce the specific gravity 
of the heat transferring fluid circulated through a geothermal 
heat pump system, and may adversely effect the performance 
of components employed in a GLHE subsystem. Refer to the 
GHE Installation Instructions concerning antifreeze solu 
tions. 
0452 GUIDELINE 9: Underground piping materials and 
connections must conform to recognized plumbing codes 
adopted by state and local code rules and regulations. 

The Enthalpy-Based Ground Loop Performance Monitoring 
Module Of The Present Invention 

0453 FIG. 15A shows a first completed geothermal heat 
pump system being monitored by an Enthalpy-Based Ground 
Loop (GLHE) Performance Monitoring Module constructed 
in accordance with the principles of the present invention. As 
shown, the Ground Loop Performance Monitoring Module is 
mounted within the pump room of a building in which the 
completed geothermal heat pump system has been installed 
and is operating. The geothermal heat pump system is con 
nected to an air handling Subsystem, under the control of the 
central environmental control system of the building. As 
shown, state variables {TPrh, and {T.P. rin} are 
monitored for water flowing into and out of the GLHE sub 
system and fed into the Ground Loop Performance Monitor 
ing Module for calculation of the net heat transfer rate (HTR) 
for the control volume about the entire ground loop field 
(GLHE) using enthalpy-based HTR calculation techniques 
taught herein. 
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0454. As shown, the Ground Loop Performance Monitor 
ing Module also uses formulas defined in FIG. 15B to calcu 
late EER and HTE for the system control volume indicated in 
FIG. 15A. 
0455 FIG.16 shows a second completed geothermal heat 
pump system being monitored by an Enthalpy-Based Ground 
Loop Performance Monitoring Module constructed in accor 
dance with the principles of the present invention. As shown, 
the geothermal heat pump system includes a ground loop 
Subsystem constructed from multiple ground heat exchang 
ers, connected to multiple, individually Zoned ground Source 
heat pumps (GSHPs), by an input and output manifold struc 
tures, at which transducers and instruments are installed for 
measuring the inlet and outlettemperature, pressure and mass 
flow rates of the heat exchanging fluid (i.e. water), to provide 
state variables T.P. rin, and {TP rh, which are 
fed into the Ground Loop Performance Monitoring Module 
for calculation of the net heat transfer rate (HTR) for the 
entire ground loop field (GLHE) using enthalpy-based HTR 
calculation techniques taught herein. 

Testing And Tuning The Performance Of An Installed And 
Operating Ground Loop Heat Exchanging (GLHE) Sub 
system 

0456. Once a ground loop heat exchanging (GLHE) sub 
system has been designed, constructed and installed at a 
particular location, it is connected to geothermal heat pump, 
chiller or HVAC equipment, and then set up for operation in 
accordance with the manufacturer's installation and operat 
ing instructions. After set up, it is necessary to test and tune 
the GLHE subsystem to optimize its heat transfer rate (HTR) 
performance with the deep Earth environment. 
0457. However, before describing the procedure for doing 
so, it will be helpful to run through the following "Check 
Points to make certain the geothermal system, and its GLHE 
Subsystem has been properly configured and operates in 
accordance with the manufacturer's specifications. 
0458 CHECK POINT 1: Review the geothermal heat 
pump installation instructions, building heating and cooling 
load requirements, and air distribution duct system design, to 
prevent excessive cooling loads from being imposed on the 
geothermal heat pump operating in its cooling mode. 
0459 CHECK POINT 2: Review the GHE Installation 
Instructions, available for download at http://www.kelix. 
CO. 

0460 CHECK POINT 3: Monitor the full load amperage 
draw (FLA) of the heat pump compressor during initial start 
up to prevent long term compressor over-current. Excessive 
entering water temperature T into the GLHE subsystem (or 
leaving the heat pump heat exchanger) can be an indication of 
a load imbalance where the heat pump has been undersized, 
other indoor air distribution inefficiencies, and/or inadequate 
thermostatic controls may exist. 
0461) Notably, the operating characteristics of each geo 
thermal heat pump system will be different from brand to 
brand, and for different applications, due largely to air distri 
bution ductwork configuration, varying load conditions (usef 
occupancy), different indoor environmental control schemes, 
and the variations in energy saving measures taken during 
building construction, or renovation. 
0462 Assuming the geothermal heat pump has been prop 
erly sized for the heating and cooling load, and the air distri 
bution ductwork has been installed according to design speci 
fications, several basic measurements should be monitored 
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during start up to insure that the geothermal heat pump is 
operating under load conditions specified by the heat pump 
manufacturer. 

0463 CHECK POINT 4: Make adjustments to the indoor 
air distribution blower motor speed to change the volume of 
air (CFM) passing through the cooling/heating coil, so that 
the full load amperage of the compressor is achieved under 
full load conditions. Generally, single speed compressors are 
designed to operate at constant full load amperages. Variable 
speed compressors are designed to operate at amperages that 
change between compressor operating speeds, and are driven 
by electronically controlled motors (ECMs). Typically, vari 
able speed compressors operate within a specified range of 
operating amperages. Factory specified amperage ratings for 
indoor air distribution air blower motors, and compressors, 
are normally documented in the heat pump installation 
instructions. 

0464 After having completed above check points, the 
geothermal heat pump system and its air handling Subsystem 
should be set up and operating properly, and the GLHE sub 
system ready for performance testing and tuning. This can be 
achieved using either the Enthalpy-Based Ground Loop Per 
formance Monitoring Module (installed in the building typi 
cally in the geothermal pump room area), or using the 
Enthalpy-Based GHE Performance Calculator Program run 
ning on a portable computer system, as shown in FIG. 15A. 
0465. As shown in FIG. 15A, two GHEs have been 
installed, and connected to an inlet and outlet manifold, inside 
the building, whereasingle 10 Tongeothermal heat pump has 
been installed and connected to the inlet and outlet manifolds. 
FIG. 16 also shows where inlet and outlet temperature and 
pressure measurements {T. P. T. P. and water flow 
rate measurements should be made across the “control vol 
ume' of the GLHE subsystem during the performance “test 
ing and tuning optimization procedure. 
0466. The performance of a GLHE subsystem is tested 
and tuned as follows: 

0467 STEP1: Operate the geothermal heat pump(s) at full 
load amperage (FLA). 
0468. In the event that “fixed' speed (rate) ground loop 
water pumps are employed in the completed geothermal sys 
tem, it will be necessary to lower the thermostat in the build 
ing environment to a very low temperature value to ensure 
that the geothermal heat pump's control board operates its 
compressor at the full load amperage (FLA) condition, when 
the system should be optimized to transfera maximum rate of 
heat energy with the deep Earth environment. 
0469. In the event that “variable” speed (rate) ground loop 
water pumps are employed in the completed geothermal sys 
tem, it will be necessary to place a jumper across the appro 
priate terminals of the geothermal heat pump's control board 
so that the heat pump's compressor is operated at the full load 
amperage (FLA) condition, when the system should be opti 
mized to transfer a maximum rate of heat energy with the 
deep Earth environment. 
0470 STEP 2: Review the GHE Performance Charts ( 
Q. vs.T., and Q. vs. V.), as illustrated in FIGS. 11A and 
12A, respectively, and determine at value(s) of volumetric 
flow rate, the maximum heat transfer rate occurs in these 
performance charts generated for the single GHE test instal 
lation. Multiply this volumetric flow rate by the design 
parameter N, determined in Step 6 in FIG. 13B, to provide an 
estimated volumetric flow rate at which one can expect to 
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observe a maximum heat transfer rate to occur within the 
constructed GLHE subsystem. 
0471) STEP 3: Through incremental adjustment, experi 
mentally find the value of volumetric flow rate of water 
through the GLHE subsystem, which results in the maximum 
heat transfer rate (HTR) value determined by the Spreadsheet 
Enthalpy-Based GHE Performance Calculator Program, as 
described hereinabove. 

0472. This step is achieved by first setting the volume flow 
rate for the geothermal heat pump to the value specified by the 
manufacturer, expressed in units of gallons per minute 
(GPM). Typically, the geothermal heat pump manufacturer 
will recommend a volumetric flow rate through the geother 
mal heat pump to be approximately 3 GPM perton of refrig 
eration. So for a 5 Ton geothermal heat pump, one might 
expect the manufacturer to recommenda Volumetric flow rate 
of about 15 GPM, which will flow through both the geother 
mal heat pump and the GHE. For a 10 Ton geothermal heat 
pump, one might expect the manufacturer to recommend a 
volumetric flow rate of about 30 GPM, which will flow 
through the geothermal heat pump, and 15 GPM will flow 
through each of the two GHEs used to construct the ground 
loop heat exchanging (GLHE) Subsystem. 
0473. Next, for one hour, monitor (i) the volumetric flow 
rate through the ground loop (i.e. GLHE subsystem), (ii) the 
inlet water temperature T into the GLHE subsystem, (iii) the 
outlet water temperature T. (iv) the entering water pressure 
(P) into the ground loop, and (v) the leaving water pressure 
(P) out of the GLHE subsystem. 
0474. Use the Enthalpy-Based GHE Performance Calcu 
lator Program to determine the actual HTR performance of 
the GLHE subsystem while operating at the manufacturer's 
specified volume flow rate, expressed in GPM. 
0475. If the HTR capacity (in BTUs/Hr) computed by the 
Enthalpy-Based GHE Performance Calculator Program does 
not match the nameplate HTR capacity of the geothermal heat 
pump, then adjust the Volume flow rate of the ground loop 
upwards (in GPM) to increase the HTR performance of the 
GLHE subsystem, or adjust the volume flow rate of the 
ground loop downwards (in GPM) to decrease the HTR per 
formance of the GLHE subsystem, in BTUs/Hr. 
0476 Repeat the above HTR performance adjustment 
process in one hour increments. 
0477. In no event should it become necessary to adjust the 
volume flow rate through any GHE in the ground loop to less 
than 8 GPM, or more than 18 GPM, to find the value of water 
flow rate which results in the maximum heat transfer rate 
(HTR) value determined by the Spreadsheet Enthalpy-Based 
GHE Performance Calculator. 

0478 STEP 4: Once optimum volume flow rate settings 
have been found for the ground loop, resume normal geother 
mal heat pump operations. 
0479. For geothermal heat pump systems employing 
“variable' speed water pumps, the heat pump control board 
should be restored to its original condition, allowing its pro 
grammed controller determine the value of ground loop water 
pump speed (i.e. Volume flow rate) at any instant in time. 
0480. For geothermal heat pump systems employing 
“fixed' speed water pumps, the ground loop water pumps 
should be allowed to operate at the optimized ground loop 
water pump speed (i.e. Volume flow rate) during normal heat 
pump operations. 
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Monitoring, Logging And Recording The Performance Of A 
Tuned Ground Loop Heat Exchanger (GLHE) Subsystem 
Using The Enthalpy-Based Ground Loop Performance Moni 
toring Module 
0481. Once a geothermal system (e.g. geothermal heat 
pump, chiller or HVAC system) and its GLHE subsystem 
have been installed at a particular loop field location, and 
operate according to manufacturer specifications, it will be 
useful to monitor the actual energy performance of the GLHE 
Subsystem. 
0482. The energy performance profile for every GLHE 
subsystem should be expressed in terms of the heat transfer 
rate (HTR), flow work rate (FWR), energy efficiency ratio 
(EER/COP), and heat transfer efficiency (HTE) of the control 
volume drawn about the GLHE subsystem, while the GLHE 
Subsystem is serving the energy transfer requirements of the 
geothermal system connected to the building environment. 
0483 Another object of the present invention to teach how 
to monitor, log and record the HTR, FWR, EER and HTE 
performance characteristics of any GLHE Subsystem using 
the Enthalpy-Based Ground Loop Performance Monitoring 
Module, shown deployed in the geothermal systems of FIGS. 
15A and 16. 

0484. In general, the Enthalpy-Based Ground Loop Per 
formance Monitoring Module 40 shown in FIGS. 15A and 
15B comprises a number of components, namely: a pro 
grammed microprocessor 41; a system bus 42; a memory 
architecture 43 including RAM, FLASHROM and hard-disc; 
a high-speed I/O interface 44 for receiving the inputs from 
temperature and pressure transducers 45A, 45B. 46A, 46B, 
volumetric fluid rate meter(s) 47, signals from an onboard 
GPS transceiver module 48, and other sensed data inputs 
indicated in FIG. 15A; a touch-screen LCD display panel 49 
interfaced with system bus/CPU via display controller 50, for 
selecting functions and displaying sensed data and calculated 
performance figures for the system being monitored; a com 
munications module 51 for supporting GSM, WIFI, and Eth 
ernet protocols, with related communication interfaces/ports 
52; antennas 53 for supporting the communication module 
51; a power supply module 54; a backup battery module 55: 
and a compact wall-mountable housing 56 for containing all 
of the system components. The Web-enabled onboard system 
computer 22 can be realized by a programmed microproces 
Sor having system and I/O buses, Supporting one or more of 
the following data communication interfaces: USB, Firewire, 
and Ethernet communication interfaces, through which the 
3G/4G WIFI router 26 is interfaced. 

0485. In general, the Ground Loop Performance Monitor 
ing Module 40 Supports multiple analog and digital signal 
inputs, and multiple communication protocols, for example: 
RS422/485, Ethernet 10Base-T TCP/IP, Modbus RTU, Eth 
ernet 10Base-TTCP/IP Modbus, BacNet, and Lonworks data 
communication protocols, as well as WIFI (802.11) and infra 
red (IR) R100 communication protocols. Such communica 
tion protocols enable the Module 40 to monitor devices oper 
ating within the ground loop, and communication with 
environmental control system computers within the building 
or operating environment. 
0486) The mathematical formulas derived for HTR 
FWR EER and HTE, as well as Thermal Equilibrium 
Indices (TEI) and other performance measures specified in 
detail above, are programmed into the FLASH ROM of the 
Enthalpy-Based Ground Loop Performance Monitoring 
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Module 40 in a matter known in the computer hardware art, to 
enable Such performance measuring capabilities of the 
present invention. 
0487. At this juncture, it is appropriate to describe a pre 
ferred method of monitoring, logging and recording the 
energy performance of a tuned ground loop heat exchanging 
(GLHE) subsystem 60 using the enthalpy-based ground loop 
performance monitoring module of the present invention. 
0488 STEP 1: Install inlet and outlet temperature and 
pressure transducers 45A-46B, and a volumetric flow rate 
meter(s) 47 at the inlet and outlet manifolds of the GLHE 
subsystem 60, as shown in the first geothermal system of FIG. 
15A or the second geothermal system of FIG. 16. 
0489. As shown in FIG. 15A, a single geothermal heat 
pump system is connected to an air handling Subsystem and a 
GLHE subsystem comprising two GHE installations, under 
the control of the central environmental control system of the 
building. 
0490. In FIG. 10, the GLHE subsystem 60' comprises five 
GHES, connected to multiple geothermal heat pumps, each 
having an integrated air handling Subsystem. 
0491 STEP2: Use the Enthalpy-Based Ground Loop Per 
formance Monitoring Module 40 to periodically monitor the 
inlet and outlet temperatures and pressures at a defined con 
trol Volume of the ground loop system, as well as the Volume? 
mass flow rate through the control volume, T.Prin, and 
{T.P. rhi) and log and record such data values within 
the memory aboard the Ground Loop Performance Monitor 
ing Module 40. 
0492 STEP3: Use the Enthalpy-Based Ground Loop Per 
formance Monitoring Module to process logged and recorded 
data, and calculate the actual heat transfer rate (HTR), flow 
work rate (FWR), energy efficiency ratio (EER)/Coefficient 
of Performance (COP), and Heat Transfer Efficiency (HTE) 
figures for the monitored GLHE subsystem, at periodic 
moments in time (e.g. at 1 minute or 5 minute intervals). 
0493. Once calculated, these performance figures are 
recorded in a Ground Loop Performance Database Server 62 
for the building being served by the GLHE subsystem. The 
Ground Loop Performance Database Server can be realized 
using any computer system, but a dedicated server, with auto 
mated backup provisions and wireless communication Ser 
vices, is preferred. 
0494. After being logged and recorded in the Ground 
Loop Performance Database Server, the HTR, FWR, EER 
and HTE performance figures can be sent to the building's 
environmental control system, if Such a system has been 
installed, and used in the overall energy management system 
deployed in the building to improve operations efficiency. 
These measured performance figures will provide building 
owners, managers, energy performance managers, and geo 
thermal system maintenance technicians alike, with valuable 
information on how well a particular GLHE subsystem has 
been and is currently performing, from season to season, year 
to year. 
0495. The building environmental control system can be 
programmed to periodically interrupt normal heating and 
cooling equipment operation of the building, allowing con 
tinuous fluid circulation to a number of independently piped 
Ground Loop Field Zones, illustrated in FIG. 10, so that any 
incremental changes in the deep Earth temperature of those 
Ground Loop Field Zones can be measured, detected and 
recorded when the inlet and outlet water temperature of those 
Zones are in a state of thermal equilibrium (i.e. T-T). 
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Notably, such periodic deep Earth temperatures and detected 
incremental changes therein can be stored in the Ground 
Loop Performance Database Server 62, along with other per 
formance data maintained on the ground loop throughout its 
lifetime. 

0496 Collectively, the historical performance data 
records on the GLHE subsystem, maintained in the Ground 
Loop Performance Database, can be used to confirm ground 
loop performance expectations or projections (with respect to 
thermal loads), as well as Support diagnostic operations, as 
required. 

Modeling The Energy Conservation Balance Across The 
Control Volume For A Ground Loop Subsystem That Is Con 
nected To A Geothermal Heat Pump System And Monitored 
By The Enthalpy-Based GHE Performance Monitoring Mod 
ule 

0497 FIG. 15C presents an energy conservation balance 
across the control Volume for a ground loop Subsystem that is 
connected to a geothermal heat pump system(s), and moni 
tored by the enthalpy-based GHE performance monitoring 
module 40 shown being used in the applications of FIGS. 15A 
and 16. 
0498. In general, the ground loop subsystem might be 
configured to operate with any type of geothermal HVAC or 
chiller system 60 as shown, for example, in FIGS. 15A and 
16, or anywhere heatenergy is exchanged with the deep Earth 
environment through a ground loop Subsystem, regardless of 
its design and/or construction. 
0499. The energy balance equation across the control vol 
ume defined in FIGS. 15A and 15B is given by the expression: 

maha, mihint-Qheit. ...+9hey 

This expression can be rewritten as: 
maha, mihint-Qtr 

where the total or netheat transferrate between the N number 
of GHEs and their deep Earth environment is given by the 
formula Q-Q+ . . . +Q.x and by substitution, the 
energy balance can be rewritten as follows: 

math-mihitoglf 

By algebraic manipulation, this energy balance can be rewrit 
ten as follows: 

of-m(ha-hi.) 
This expression for Q-provides a formula for measuring the 
actual heat transfer rate (HTR) between the deep Earth 
environment and the ground loop field system represented by 
the control volume indicated in FIGS. 15A and 16. 

0500 Referring now to the pump side of the geothermal 
system under analysis, where M number of circulation pumps 
are provided, the total work rate performed by M number of 
circulation pumps on heat transferring fluid flowing through a 
control Volume about this system, can be summed up by the 
following equation: 

Wit...+f 

This expression represents the total work rate of the M num 
ber of ground loop pumps pushing/pulling heat transferring 
fluid (water) through the control volume of the ground loop 
field. 
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0501. Using flow energy analysis, as performed in Appen 
dix C above, the total amount of flow work performed by 
these Mpumps to move water through the NGHEs is given by 
the following expression: 

W 

This expression for W. provides a formula for measuring 
the actual flow work rate (EER) performed by the M circu 
lation pumps to move water through the ground loop field 
system, defined by the control volume in FIGS. 15A and 16, 
without a change in potential or kinetic energy of the water 
flow. 

(0502. Finally, using the formulas derived for HTR and 
FWR above, an Energy Efficiency Ratio (EER) can be 
rewritten for the ground loop field (GLF) comprising N num 
ber of GHES, through which water is pumped by M number of 
circulation pumps, as follows: 

Making substitutions for the net heat transfer rate and the net 
flow work in the above expression, the Energy Efficiency 
Ratio (EER) for the ground loop field can be expressed in 
terms of measurable inlet and outlet enthalpies and pressures, 
as follows: 

EER (hout hin) 
gif (P - p.) 

(0503) Notably, the above formula for EER holds for any 
control volume about a ground loop field comprising N num 
ber of GHES, driven by M number of ground loop circulation 
pumps, provides an accurate measure of the actual energy 
efficiency of the ground loop field. 
0504 Moreover, this EER performance figure is expressed 
in terms of (i) the empirically measureable rate of heatenergy 
exchange between the ground loop field (GLHE) and the deep 
Earth environment, and (ii) the empirically measurable rate of 
energy Supplied to maintain water flowing through the loop 
field against frictional and Viscous losses, without losses in 
potential or kinetic energy of the water flowing through the 
ground loop field, and will include losses associated with 
piping between the GHES, as well as the inherent losses of 
each GHE due to internal fluid frictional losses. 
(0505. In addition, the heat transfer efficiency (HTE) per 
formance measured can be found for this ground loop heat 
exchanging (GLHE) Subsystem using the following formula: 

real 1- El 
o'E' 1- E. E. hin (Tin, Pin) 

where Q,and Qdeal are measured at the control Volume 
of the ground loop (GLHE) as indicated in FIGS. 15A and 16, 
in the illustrative embodiments 
0506. The Enthalpy-Based Ground Loop Performance 
Module shown in FIGS. 15A and 16, comprises: a pro 
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grammed microprocessor, a system bus; a memory architec 
ture including RAM, FLASH ROM, etc.; and high-speed I/O 
interface, for receiving the inputs from temperature and pres 
sure transducers, fluid rate meters, GPS receiver, and other 
data inputs indicated in the spreadsheet of FIG. 10; LCD 
display panel with touch-screen data input and selection func 
tions; communication circuits (GSM, WIFI, and Ethernet) 
and communication interface/ports; antennas for Supporting 
the communication circuits; and a compact wall-mountable 
housing for containing all of the system components. The 
mathematical formulas derived above for HTR FWR 
EER, and HTE, are programmed into the micro-computing 
architecture of the Enthalpy-Based Ground Loop Perfor 
mance Module in a manner well known in the data monitor 
ing, logging and recording art. 

Method of And Apparatus For Measuring Changes. In Deep 
Earth Temperature About A Ground Heat Exchanger In 
Response to Thermal Loads On Neighboring Ground Heat 
Exchangers 
0507. During the ground loop engineering process, there 
might come a time when the thermal conductivity properties 
of the deep Earth environment might be brought into serious 
question, especially when a very large project is involved. In 
Such instances, the GLE process recommends that multiple 
Portable Enthalpy-Based GHE Performance Test Instrumen 
tation Systems 1 described above be used to carry out a 
thermal response measurement test, as illustrated in FIG. 17. 
In the illustrative embodiment shown in FIG.17, this involves 
installation of four Thermacouple(R) ground heat exchangers 
(TC50s GHES) at aparticular test site, on which a ground loop 
Subsystem is being planned for design and construction. The 
purpose of such a test arrangement is to measure incremental 
changes in deep Earth temperature (AT) about a “thermally 
passive' ground heat exchanger (GHE-1) in response to ther 
mal loads on neighboring “actively-driven ground heat 
exchangers (GHE-2, GHE-3 and GHE-4). In most geological 
test environments, the thermal properties of the deep Earth 
mass, and underground water resources, are Such as to rapidly 
disperse and distribute heat energy from neighboring ground 
heat exchangers at a rate as to not cause any significant 
increase in deep Earth temperature throughout the year. 
0508 As shown in Step 1 of FIG. 18A, the method 
involves installing one “thermally-passive” Thermacouple(R) 
ground heat exchanger (GHE-1) in a 300 foot deep borehole 
drilled in the middle of the test site, and then installing three 
“thermally-active'. Thermacouple(R) ground heat exchangers 
(GHE-2, GHE-3 and GHE-4) in three 300 foot deep bore 
holes drilled twenty (20) feet away from the centrally drilled 
borehole for GHE-1, so that ground heat exchangers GHE-2, 
GHE-3 and GHE-4 are each spaced apart from each other by 
20 feet and arranged at 120 degrees from each other about 
GHE-1, in a star-like configuration as illustrated in FIG. 17. 
0509. As shown in Step 2 of FIG. 18A, the method 
involves connecting a first Portable Enthalpy-Based GHE 
Performance Test Instrumentation System (S1) to the first 
ground heat exchanger GHE-1, and configuring for test 
operation; then connecting a second Portable Enthalpy-Based 
GHE Performance Test Instrumentation System (S2) to the 
second ground heat exchanger GHE-2, and configuring it for 
test operation; then connecting a third Portable Enthalpy 
Based GHE Performance Test Instrumentation System (S3) 
to the third ground heat exchanger GHE-3, and configuring it 
for test operation; and then connecting a fourth Portable 
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Enthalpy-Based GHE Performance Test Instrumentation 
System (S4) to the fourth ground heat exchanger GHE-4, and 
configuring it for test operation. 
0510. As shown in Step 3 of FIG. 18A, the method 
involves Supplying electrical power to the ground loop water 
pumping module of each Portable Test Instrumentation Sys 
tem to circulate heat transferring fluid (water) through each 
ground heat exchangers GHE-1 through GHE-4, continu 
ously monitoring, logging and recording the inlet and outlet 
temperatures and pressures and mass flow rates of each 
ground heat exchanger, and to detect when the inlet and outlet 
water temperatures of each ground heat exchanger equal the 
deep Earth temperature, T, and “deep Earth’ thermal equi 
librium has been attained. 
0511. As shown in Step 4 of FIG. 18B, the method 
involves, recording at thermal equilibrium, the steady state 
deep Earth temperatures T(GHE-1) through T(GHE-4) 
measured at the inlet and outlet ports of ground heat exchang 
ers GHE-1 through GHE-4, respectively, and when the ther 
mal equilibrium state has been attained after about 60 minutes 
or more of water pumping operations, identifying this steady 
state deep Earth temperature as a “reference' temperature for 
measuring changes in deep Earth temperature T about 
GHE-1 after along term exposure ofheatenergy into the deep 
Earth during Step 4, below. 
0512. As shown in Step 5 of FIG. 18B, method involves, 
when thermal equilibrium has been attained, Supplying elec 
trical power to the water heating module of Portable Test 
Instrumentation Systems S2, S3 and S4, but not S1, heating 
the water flow through GHE-2, GHE-3 and GHE-4, and con 
tinuously monitoring, logging and recording inlet and outlet 
temperatures, pressures and mass flow rates into all GHES, 
during the entire test period (e.g. 150 hours). 
0513. As shown in Step 6 of FIG. 18B, method involves 
using the first Test Instrumentation System (S1) to measure 
any detected difference in the deep Earth temperature T 
relative to the reference temperature T (GHE-1 initial state), 
and log and record any temperature differences, each Sam 
pling interval, which may occur as a result of thermal 
response characteristics associated with the deep Earth and 
selected borehole spacing at the particular test site under 
performance testing. 
0514. As shown in Step 7 of FIG. 18B, the method 
involves carefully reviewing any detected changes in deep 
Earth temperature during the long-term test period, and 
reconsidering increasing or decreasing the spacing (i.e. dis 
tance) between drilled boreholes for ground heat exchanger 
installations planned for the ground loop system being design 
for construction at the test site. 
0515 Ideally, the longer the test period, the better, but 
practical considerations and temperature trends detected over 
a 150 hour test period should typically indicate little need to 
extend the period beyond this time frame. 
0516. In Earth environments where there is sufficient 
ground water and adequate thermal conductivity, differences 
in deep Earth temperature should measure relative low, if not 
negligible, during steady-state long term conditions. 
0517. It is expected that for most geological environments, 
where there is sufficient ground water, borehole distances of 
about 20 or more feet will result in deep Earth temperature 
changes that are negligible, indicating that the deep Earth 
environment under testing has the capacity to dissipate and 
distribute heat energy from the ground loop Subsystem, 
throughout the mass of the Surrounding deep Earth so as not 
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appreciably alter the average deep Earth temperature 
throughout the year, from season to season. 
How To Use The Spreadsheet Enthalpy-Based GHE Perfor 
mance Calculator Program To Measure The Heat Transfer 
Rate (HTR) Performance Of Any Ground Heat Exchanger 
(GHE) Or Ground Loop Heat Exchanging (GLHE) System, 
Coupled To A Geothermal Heat Pump Operating Within A 
Building Environment 
0518. In many geothermal heat pump system applications, 
building owners and energy engineers need to know, in objec 
tive quantifiable terms, how well a particular ground loop 
Subsystem is performing in relation to its geothermal heat 
pump unit to which it is connected and operating within a 
building environment. The Spreadsheet Enthalpy-Based 
GHE Performance Calculator Program of the present inven 
tion illustrated in FIGS. 9A1 and 9A2 can be run on any 
computing system to help measure the heat transfer rate 
(HTR) performance of a GHE or GLHE subsystem while 
coupled to a geothermal heat pump and operating within a 
building environment. 
0519 STEP 1: install the Spreadsheet Enthalpy-Based 
GHE Performance Calculator Program on any computer sys 
tem. 

0520 STEP 2: define a control volume (CV) around the 
ground heat exchanger (GHE) or ground loop heat exchanger 
(GLHE) subsystem as shown in FIGS. 15A and 16, into 
which and out of which ground loop water flows at a constant 
mass or Volume flow rate, and across the boundaries of which, 
heat energy is transferred with the deep Earth environment 
and achieves a state of thermal equilibrium or quasi-equilib 
rium. 
0521 STEP 3: monitor, log and record temperature and 
pressure values of entering and returning water flows in the 
ground loop, along with Volume/mass flow rates of the water 
flow. 
0522 STEP 4: import the recorded data into the Spread 
sheet Enthalpy-Based GHE Performance Calculator Pro 
gram, and process the data to calculate the actual heat transfer 
rate (HTR) performance of the GHE or GLHE system. 
0523. In such HTR performance monitoring applications, 
the entering water temperature (i.e. the enthalpy of entering 
water) will not maintained Substantially constant, as other 
wise achieved when using the Enthalpy-Based GHE Perfor 
mance Test System during performance testing operations. 
Also, the Volume/mass flow rates may also vary over time, 
particularly when using variable-speed ground loop water 
circulation pumps. However, the energy rates into and out of 
the ground heat exchanging system must satisfy the First Law 
of Thermodynamics, in one form or another, and a new state 
of thermal equilibrium or quasi-thermal equilibrium will be 
attained as water flows through the ground loop after one or 
more ground loop system parameters may have been changed 
during operation of the overall geothermal system. 
0524 For such reasons, the enthalpy-based heat transfer 
rate (HTR) equation employed in the Spreadsheet Enthalpy 
Based GHE Performance Calculator should provide a true 
and accurate measure of the rate of heat transfer entering or 
leaving any ground heat exchanging Subsystem, in BTUS/ 
Hr, while performance monitoring provided temperature, 
pressure and Volume flow rate measurements are taken during 
states of thermal equilibrium or quasi-thermal equilibrium. 
0525. When using the Spreadsheet Enthalpy-Based GHE 
Performance Calculator Program for such GHE or GLHE 
performance measurements, any commercially available data 
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logging and recording system can be used, such as the 
HOBO-U30 Remote Monitoring System, from Onset Com 
puter Corporation, along with conventional temperature and 
pressure transducers, and mass/volume flow rate meters. 
However, care must be undertaken to ensure that all incoming 
(analog and digital) data feeds are properly converted to units 
of measure required by the Spreadsheet Enthalpy-Based 
GHE Calculator, particularly when implemented using a 
Microsoft(R) Excel(R) Programming environment. 
Monitoring, Logging and Recording The Performance Of A 
Tuned Ground Loop Heat Exchanger (GLHE) Subsystem 
Using The Enthalpy-Based GLHE Performance Monitoring 
Module, Or The Enthalpy-Based GHE Performance Calcu 
lator Program Running On A Portable Computer System 
0526 Once a geothermal system (e.g. geothermal heat 
pump or chiller system) and its ground loop heat exchanging 
(GLHE) subsystem have been installed at a particular loop 
field location, and operating according to manufacturer speci 
fications, it will be useful to monitor the actual performance 
of the geothermal ground loop Subsystem interms of its actual 
heat transfer rate (HTR), flow work rate (FWR), energy effi 
ciency ratio (EER) and heat transfer efficiency (HTE) perfor 
mance in connection with the building environment which the 
geothermal system serves. Monitoring the HTR, FWR, EER 
and HTE performance of the GLHE subsystem can be easily 
accomplished by the following method. 
0527 STEP 1: install inlet and outlet temperature and 
pressure transducers, and a Volume flow rate meter(s) at the 
inlet and outlet manifolds of the ground loop Subsystem, as 
shown in the first exemplary geothermal system shown in 
FIG. 15A, or the second exemplary geothermal system shown 
in FIG. 16. As shown in FIG. 15A, the geothermal heat pump 
system is connected to an air handling Subsystem, under the 
control of the central environmental control system of the 
building. In FIG. 15, the ground loop field is connected to 
multiple geothermal heat pumps each having an integrated air 
handling Subsystem. 
0528 STEP 3: use the Enthalpy-Based GLHE Perfor 
mance Monitoring Module to periodically monitor the inlet 
and outlet temperatures and pressures at a defined control 
Volume of the ground loop system, as well as the Volume? 
mass flow rate through the control volume, T.P. rin, and 
{T.P. rhi) and log and record such data values within 
either (i) memory aboard the GLHE Performance Monitoring 
Module, (ii) mass storage in a remotely situated RF data 
logging and recording station, illustrated in FIGS. 1A and 1B, 
and/or (iii) within a portable computer system running the 
Enthalpy-Based Spreadsheet GHE Performance Calculator 
of the present invention. 
0529 STEP 4: use either the Enthalpy-Based GLHE Per 
formance Monitoring Module (or the Enthalpy-Based GHE 
Performance Calculator Program) to process logged and 
recorded data, and calculate the actual heat transfer rate 
(HTR), flow work rate (FWR), energy efficiency ratio (EER) 
and heat transfer efficiency (HTE) figures for the monitored 
GLHE Subsystem, at periodic moments in time, and record 
these performance figures in a Ground Loop Performance 
Database maintained within the enterprise of the building 
which is being served by the ground loop subsystem. The 
Ground Loop Performance Database can be realized using 
almost any computer system, but a dedicated server, with 
automated backup provisions, would be preferred. 
0530. After being logged and recorded in the Ground 
Loop Performance Database, these HTR, FWR, EER and 






