


balance with the heat transfer medium, air and water. (3) for each TE module

The heating mode and cooling capacities are calculated

by TE module equations [7]. The model has two parts,

heating and cooling mode operation. They are described (hai - ha) (11)

in detail below. 
COP =

P

Heating mode: (1) water side
The two sets of equations, 1 through 5 and 6 through

laT81~~ ~11, represent the heating and cooling operations.

T (1) The problem involves heat generation in the process.

- MwCwL H Tw Tc) This problem is solved numerically with some modifications

of the computer code developed by Mathiprakasam [6].

8T r ______ 
1 (2)

_ MCwLl
T - nTcI -T 0.51- k(h STATE-OF-THE-ART TE MATERIALS

wwLax c
For the past twenty years, there has been no major

~~~~~~~~~~~where .breakthrough in TE material development. The figure of

kv = k A /1 + k A /1 merit of available TE modules today is around

p p p + n nn 2.5 x 10-
3
/°K. Horst and Williams [8] using existing

p/v - p 1 /A +n n 1/A TE material under careful control of some factors, such

p p p n
+

n - as sample preparation, material growth, and doping,

demonstrated experimentally that a figure of merit of

3.1 x 10-
3
/"K could be achieved. While such performance

is available, the current technology does not reflect

(2) air side 
it.,The following state-of-the-art TEmaterial properties

for each couple are, therefore, assumed.

aT (3) a (Seebeck coefficient) - 0.00044 V/°K

M C.L 
a

- H (Th - Ta) k (thermal conductivity) - 0.030 W/cm°K

p (electrical resistivity) - 2.10 x 10-
3

ohm-cm

M a 2 [ h 5
2 k(T h _ T )] 

( 4) TE SYSTEM OPERATING CONDITIONS AND PARAMETERS

aa ay h I

Table 1 presents the WSHP operating conditions [3].

The TE system operating conditions are assumed to be

the same. Two parameters, P1 and P2, are used for TE

(3) for each TE module system's parametric study. P1 and P2 represent the air

side and groundwater number of transfer 
unit (NTU). In

this study, the groundwater and air mass 
flow rates are

MaCa (Ta - Ta) (5) kept constant. P1 and P2 actually represent Ha or Hw.

COP = Since heat transfer area is a design factor, P1 and P2

|pi~~ 
co
-can then be considered as design parameters. For

example, with different heat sink devices attached to

the TE modules, the heat transfer area can vary over a

wide range. With P1 and P2 as the parameters, a total

oCooling mode: (1) war se f 108 runs was made for heating and cooling mode

Cooling mode: (1) water side - . operation.

RESULTS AND DISCUSSION
T WI(6)

MwCwLax Hw(Th -w) Figure 2 shows the comparison of COPs of the WSHP

[3] and the TE system in heating mode operation. The

aT [ 2·T r 0.I+ kT. -ST 1 (7) COPs of the WSHP are much higher than those of the TE

C L -a n hT I + h ck system. The parameters P1 and P2 do not have much

effect on the system COPs. At 13°C groundwater temper-

(2) air side 
ature, the heating COP for the TE system with P1 - 1.5,

,; 
( 2 ) a l r s and Pz - 1.5, is only 1.72. For WSHP, the COP is 3.72.

;\ This indicates that groundwater temperature is not high

8T
L a3T (8) enough to be a good heat source for TE systems. Table

- M CaL2, - Ha(T - Tc) 2 presents the rest of the computed TE system performance.

Figure 3 presents the comparison of COPs of the two

v*s.?~~~~ | ~~~~~~systems for cooling mode operation. The nonlinearity

of the TE system's performance as a function of groundwater

temperature is clearly shown. The effect of P1 and P2

is much stronger than in heating mode operation. For

aha [ 
(

2

a kv( (10)

- MaLay -Ja(Wa W )



Table 1. Operating conditions Table 2. Calculated TE Syste- Heating Perforrance

Ti - 21.1 C, To - 37.8 C, RH - 65%

1. Water Inlet 21.1'C 18.3'C 15.6'C 12.8-C 10'-C 7.2'C1. Water inlet 21. C 18. YC 15.6'C 12. 8C 10C 7.2 P1 - 1.0. P2 - 1.0 PI - 1.0, P2 - 1.5 PI - 1.0, P2 - 2.0temperatures (70-F) (65-F) (60-F) (55-F) (50-F) (45-F)

T,
I

Two COP T
I Two COP Tw

I Two COP2. Water flow rate 2044 kg/hr (4505 lb/hr) 
T
w T To CP Ti

21.1 19.1 1.73 21.1 19.1 1.75 21.1 19.1 1.76
3. Air flo- race 2396 kg/hr (5280 Ib/hr) 18.3 16.5 1.65 18.3 16.4 1.67 18.3 16.4 1.67

15.6 13.8 1.57 15.6 13.8 1.59 15.6 13.8 1.59
12.8 11.2 1.50 12.8 11.2 1.52 12.8 11.2 1.52
10.0 8.6 1.44 10.0 8.5 1.45 10.0 8.5 1.45(cooling mode) (78 F) 7.2 5.9 1.38 7.2 5.9 1.38 7.2 5.9 1.39

5. Inlet air temperature 21.1'C
(heating mode) (70'F)

P1 - 1.5, P2 - 1.0 P1 - 1.5. P2 - 1.5 P1 - 1.5. P2 - 2.0
6. Inlet air relative humidity 65%

(cooling mode) T. i To COP Twi Two COP %Ti To COP

21.1 18.8 1.96 21.1 18.7 1.99 21.1 18.7 2.00
18.3 16.2 1.84 18.3 16.1 1.87 18.3 16.1 1.88
15.6 13.5 1.74 15.6 13.5 1.76 15.6 13.5 1.77
12.8 10.9 1.65 12.8 10.9 1.67 12.8 10.9 1.68

oCpLarm uauw 10.0 8.3 1.56 10.0 8.3 1.58 10.0 8.2 1.59
GROUND WATER TEMPERATURE (C) 7.

2
5.7 1.49 7.2 5.6 1.50 7.2 5.6 1.51

8 10 12 14 16 18 20

_ I l l~ ! I I ~P1 - 2.0, P2 -1.0 P1 - 2.0. P2 - 1.5 P - 2.0, P2 - 2.0

HEATNG MODE OPERATION Ti To, COP Ti TV COP T, TO COP

W
v
S, -21.1 18.6 2.09 21.1 18.6 2.16 21.1 18.5 2.18

18.3 16.0 1.96 18.3 15.9 2.01 18.3 15.9 2.03
15.6 13.4 1.84 15.6 13.3 1.88 15.6 13.3 1.90
12.8 10.8 1.74 12.8 10.7 1.77 12.8 10 7 1 78
10.0 8.1 1.64 10.0 8.1 1.66 10.0 8.1 1.67~__~~__-~-----~ 7
7.2 5.5 1.55 7.2 5.5 1.57 7.2 5.5 1.58

3 p 2.0 _.
2

-- 8 GROUND WATER TEMPERATURE ('C)
2 10 12 14 16 18 20

9.0 _ \ \ COOLING MODE OPERATION

1.o I I 8.0

45 0 55 50 5 5 70
GROUND WATER TEMPERATURE ('F) 7

Fig. 2. Comparison of heating mode performance of WSHP \
and TE systems with P1 and P2 as parameters.

5.0o

Pl - 1.5 and P2 - 1.5, the TE system outperforms the i ,
WSHP at groundwater temperature 18°C or lower, if the 3.0
cyclic loss of the WSHP is included. For example, at
13°C water, with P1 - 1.5 and P2 - 1.5, the TE cooling 2.0 -'
system can achieve a COP of 6.50, versus 4.10 for
WSHP. When the groundwater temperature becomes lower, 1.0
the COPs of TE system increase exponentially because 50 55 GR 65 t70 I

CGROUND WATER TEMPERATURE (F)each TE module's performance is a nonlinear function of
the TE module's hot and cold side temperature differential Fig. 3. Comparison of cooling mode performance of WSHP '
as shown in [7]. The groundwater temperature in the and TE systems with P1 and P2 as parameters.
continental United States is ranging from 21°C in the
south to around 7°C in the northern region [2]. Its
temperature is low enough to be an excellent heat sink have practically no effect on it. For cooling mode,
for TE system's cooling mode operation. Figure 3 also for P1 - 1 and P2 - 1, when the groundwater temperature
shows that the design of the TE heat exchanger becomes is 14°C or higher, the TE unit actually dissipates more
important. The amount of heat transfer area will heat than the WSHP, and yet has lower COPs. At higher
greatly affect the TE system cooling performance. groundwater temperature, the TE system's cooling perfor-
Table 3 lists the calculated TE system cooling performance. mance decreases. Since the cooling capacity is assumed

Figure 4 shows the inlet and outlet water temperature constant, more power is needed to achieve the same
differentials for WSHP and TE system. For heating capacity output, thus dissipating more heat to the
mode, the TE system has a much smaller temperature water. Again, the effect of the design factors P1 and
differential than WSHP. The design factors, P1 and P, P2 of the TE heat exchanger is apparent.
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Table 3. Calcul.atd TE Sy-tem Cooling pertormance cooling system may be a good alternative. With many

Ti - 25.6 C To - 17.2 C, RH - 65% (Inl) known advantages of TE system, such as no CFC-refrigerant,
no moving parts, ease of capacity control, no cycling

P1 -1.0. P2 - 1.0 P1 - 1.0, P2 - 1.5 P - 1.0. P2 - 2.0 loss, etc., a TE cooling system could be very attractive.

T1 To COP T.,. T, COP T0 I To COP At present, the cost of a TE cooling system is about

21.1 29.1 1.20 21.1 28.3 .50 21.1 28.1 1.64 three.- times that of a comparable vapor compression

18.3 25.4 1.60 18.3 24.9 1.98 18.3 24.7 2.18 system [5]. If mass production of the TE modules can
15.6 21.9 2.14 15.6 21.5 2.68 15.6 21.3 2.9)

12.8 18.6 2.92 12.0 18 3 3.73 12.6 2181 .19 be achieved to replace the present day labor intensive F
100 15.4 4. 10 10.0 15.1 5.41 10.0 15.0 6.20 method in production, the initial cost of TE cooling
7.2 12.3 6.00 7.2 12.1 8.32 7.2 12.0 9.84 systems will be drastically reduced, which will make

the TE cooling system more competitive with conven-

P1 - 1.5. P2 - 1.0 P1 - 1.5, P2 - 1.5 P1 - 1.5. P2 - 2.0tional systems.

Twi Two COP Twi Two COP Twi Two COP "1 ~ ~~T,0 '. T
0 ~~~~~ COP T,,~ T,0 ~ COP T~~,1 T, COP uWATER INET TEMPERATURE ('C)

21.1 27.3 1.79 21.1 26.9 2.18 21.1 26.7 2.37 18 20

18.3 23.9 2.48 18.3 23.6 3.04 18.3 23.5 3.30 2 16 20

15.6 20.6 3.53 15.6 20.4 4.40 15.6 20.3 4.81 I

12.8 17.5 5.26 12.8 17.3 6.74 12.8 17.3 7.42

10.0 14.4 8.32 10.0 14.3 11.29 10.0 14.3 12.71 70
7.2 11.4 14.80 7.2 11.3 22.27 7.2 11.3 26.12

80

Pl - 2.0, P2 - 1.0 Pl - 2.0, P2 - 1.5 P1 - 2.0, P2 - 2.0 g
8 90

T.i T, o COP Ti To COP T.i Two COP

21.1 26.4 2.24 21.1 26.1 2.70 21.1 26.0 2.93 
0

18.3 23.2 3.17 18.3 22.9 3.92 18.3 22.8 4.33
15 6 20.0 4.69 15.6 19.8 6.02 15.6 19.8 6.82

12.8 16.9 7.34 12.8 16.8 10.14 12.8 16.8 12.02 5.0 _.

10.0 14.0 12.78 10.0 13.9 19.95* 10.0 13.8 25.75* - P,-08 00

7.2 11.0 26.76+ 7.2 11.0 55.24* 7.2 10.9 91.17 40-

*Poor energy balance_ P,- 09.P, -o- 0
30 --

WATER INET TEMPERATURE (-C)

e 10 12 14 16 t8 20 i

I -- - -T 1-- '°5 50 55 60 65 70

O COOLG MOE WATER INLET TEMPERATRE ('F)

EATING MODE U
215 a_ HE Fig. 5. Effect of P2 on WSHP cooling mode performance.

8

'W P.: t CONCLUSION

f, '°0, (~ p^ iThe mathematical model of a groundwater-coupled

2O^~~ ;
v

~.~ _~P_-20 thermoelectric cooling system, with state-of-the-art

^ i material, was solved numerically. The calculated TE
_ISHP , system's performance was compared with experimental

S^|5 --- data from a water source heat pump under the same

operating conditions. The comparison indicated that

-~
s ~~ ~ I'P|~~~~~~~~~ _ ---the TE system in heating mode operation cannot compete

i'f~~~~ \T2~~~~ 5 with WSHP. For cooling operation, a properly designed

groundwater-coupled TE system can easily outperform the

a ~ ~ ~ ~ ~7o °--- --- I ------ I -- WSHP with COP of 6.4 or higher at 13°C water tempera-

50 55 sAo E65 70 ture. For building areas where year-round cooling is

WATER LET TEERATlRECF)needed, TE systems can be a good alternative to conven-

Fig. 4. Comparison of inlet and outlet water tempera- tional cooling systems.

ture differentials of WSHP and TE systems with P, and
NOMENCLATURE

P2 as parameters.

Figure 5 shows the COPs of the WSHP as a function of A - TE element cross section area

inlet water temperature with P1 and P2 varies from 0.5

to 0.97. The variation of P2 is due to the change of Ca - specific heat of air

water flow rate, from 1136 kg/h to 2953 kg/h. It could Cw specific heat o-f water

be that convective heat transfer coefficient did not
increase as fast as the water mass flow rate, P2 thus Ha - product of air side heat transfer coefficient and

decreased when the flow rate was increased. However, 
a r e a

it is clear that the performance of WSHP is not as Hw - product of water side heat transfer coefficient

sensitive to the P2 parameters as the TE systems. and area

The above results indicate that TE system coupled

with groundwater will not be able to compete with WSHP ha enthalpy of air

for heating purposes. For cooling operation, however, I electrical current flow

a properly designed TE system can easily outperform a

WSHP, particularly in areas where the groundwater Ja - mass transfer rate

temperature is low. For buildings where some area k thermal conductivity of a TE couple

might need cooling constantly, a groundwater-coupled TE

4



1 - TE element length REFERENCE

L1 - length in the direction of water
1. "The Ozone Controversy and Its Relationship to

L2 - length in the direction of air Refrigeration and Air Conditioning," Air-Conditioning
; Ma, - air mass flow ratce and Refrigeration Institute, June 1978.Ma - air mass flow rate

Mw - water mass flow rate 2. "A Groundwater Heat Pump Anthology," National Water

n - total number of thermoelectric couples Well Association, 1979.

P - power input to the TE system 3. Mei, V. C., Laboratory Test of a Residential Low-
. Pl - air side NTU, Ha/M C Temperature Water Source Heat Pump, ORNL/CON-100,

PI -air side NTU, Ha/MaCa Oak Ridge National Laboratory, April 1984.
P2 - water side NTU, Hw/MwCw

4. Mole, C. J., and Meenan, D. F., "Direct Transfer~RH - inlet air relative humidity Thermoelectric Cooling," ASHRAE Trans, V. 70, pp.
Ta - air temperature 130-138 (1964).

Tc1 thermoelectric module cold side temperature 5. Buffet, J. P., and Stockholm, J. G., "Thermoelectric
Th thermoelectric module hot side temperature Air Conditioning with Water Heat Rejection," pp. 95-

101 in Proceedings of Fifth International Conference
I Tw water temperature on Thermoelectric Energy Conversion, The University
Wa - air moisture content of Texas at Arlington, Arlington, Texas, March 14-

'**!I~~~~ ,, ..~~~~~~16, 1984.
Wc air moisture content at temperature Tc 19

X - space coordinate in the direction of water flow 6. Mathiprakasam, B., "Analytical Model for Predicting
the Performance of Cross-Flow Thermoelectric Liquid

, Y - space coordinate in the direction of air flow Coolers," pp. 75-79 in Proceedings of Fifth Interna-
o - Seebeck effect of the thermoelectric couple tional Conference on Thermoelectric Energy Conversion,

The University of Texas at Arlington, Arlington,
v - area/length ratio of TE element Texas, March 4-16, 194.

o - thermoelectric couple electric resistivity.
7,- thrmeecrcouleetrceis i7. ASHRAE 1981 Fundamental Handbook, pp. 1.27-1.29,

ASHRAE, Atlanta, GA.
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