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EXECUTIVE SUMMARY 

This report describes the work carried out by Albert E. Peters 

Associates, Scranton, PA with Consultants Dr. Richard Christensen 

and Vijayaraghavan Srinivasan of Ohio State University, for the 

development of a Downhole Bundle Heat Exchanger for heat recovery 

from mine water. The temperature of water flowing through mine 

shafts remains essentially constant at approximately 60°F 

throughout the year. Therefore, it is warmer than the working 

fluid in the heating season and colder than the working fluid in 

the cooling season. In addition, it is available at zero fuel 

cost, thus making it an ideal candidate for space-conditioning 

applications. 

The heat transfer performance of the heat exchanger in a 

constant temperature water reservoir was studies and experimentally 

evaluated by installing the heat exchanger in the mine water shafts 

at Scranton, Pennsylvania and also subsequently at the Ohio State 

University and the lake at Lackawanna State Park. A11 these sites 

provided a stationary water column f o r  installing a heat exchanger, 

where heat exchange through natural convection could be obtained. 

Depending on the requirements of the system cycle the heat 

exchanger could either function on the heating or cooling modes of 

operation. In tests, spanning over a period of many months, the 

performance of the downhole bundle heat exchanger was evaluated f o r  

both cooling and heating modes of operation. Two designs of heat 

exchanger were tested: Design-lused smooth tubes. It was tested 

i. 



at Scranton Pennsylvania. The subsequent design used spirally 

fluted tubes. This design was tested at the Ohio State University 

and at Lackawanna State Park. 

A model was developed for the performance analysis of a mine 

water heat exchanger. The proposed model was verified using the 

performance data obtained at Scranton, OSU and Lackawanna. The 

design with spirally fluted tube clearly offers advantages in terms 

of reduced size of the heat exchanger for a given heat duty. 

i. 



1.0 INTRODUCTION 

Water reservoirs such as found in flooded mines or large lakes 

maintain fairly steady and uniform temperatures all through the 

year. This property facilitates the possibility of using this 

water as a heat source or heat sink. For example, during winter, 

the reservoir water can be used as a heat source and in summer it 

can serve as a cooling medium. 

_- - 

The energy-exchange between the mine water and the operating 

system can be achieved in two ways: 1) by pumping up the water to 

the surface or 2) by locating an heat exchanger in the reservoir. 

In the first case pump work is added to the reservoir water, while 

in the later case, pump work is expended on the working fluid. 

In an arrangement, where the heat exchanger is placed in the 

flooded mine water stream, heat is transferred by the process of 

natural convection on the-mine water side. The heat exchanger can 

be placed in the stationary water column that connects the upper 

and lower mine drifts. Natural convection can be established in 

the water column due to heating or cooling in the heat exchanger. 

The water is continuously replenished by fresh intake fromthe mine 

water drifts. 

Installation of the mine water heat exchanger, deep below the 

ground level, places constraints on its physical dimensions. 

3 
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Similarly, to promote natural convection, the heat exchanger shell 

side pressure drop was kept to a minimum. To take care of these 

requirements, several design features were added that 

distinguishes this heat exchanger from a normal shell and tube heat 

exchanger. The on-site testing of the heat exchanger provided 

valuable feed-back with regard to its construction features. 

The heat exchanger tested in the mine at Scranton used smooth 

tubes. This design was later modifiedwith spirally fluted enhanced 

tubes. Since only a comparative evaluation on the thermal 

performance of smooth vs. enhanced tube was desired, the second 

heat exchanger was tested at the Ohio State University and a lake 

in Lackawanna State $$irk? where the location of the heat exchanger 

was less formidable. 



2.0 DESCRIPTION OF THE MINE WATER HEAT RECOVERY SYSTEM 

The mine water system in Scranton Pennsylvania consists of two 

drifts: the upper mine vein and the lower mine vein (220 ft and 

290 ft below ground level, respectively). Water at about 600F 

flows through both these veins. The ground topography is such that 

water in the lower vein naturally flows into the upper vein at a 

downstream location. Figure 1 shows a schematic of the system 

indicating the approximate dimensional details. The two veins are 

separated by 70.0 feet. 

ground to connect the veins. 

A 18 .inch diameter shaft was bored in the 

The mine water heat exchanger was 20.0 feet long, and was 

suspended by cables in the shaft between the two veins. The balance 

20 ft of water column formed the lower and upper chimneys providing 

additional driving force for the natural circulation. 

In winter heating the mine water provides the heat source for 

the operating system. As shown in Fig. 2, the mine water heat 

exchanger heats up an intermediate fluid which in turn exchanges 

heat in .the evaporator section of the heat pump circuit. Through 

the heat pump, the heat is finally rejected into the conditioned 

space. 

In summer cooling, the mine water acts as a heat sink. As 

shown in Fig. 3 the intermediate fluid rejects its heat through the 

5 
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UPPER MINE VEIN 

HEAT EXCHANGER 

I LOWER CHIMNEY 

LOWER MINE VEIN 

Figure 1 : Mine Water Drifts at Scranton PA 
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mine water heat exchanger into the mine water stream. The mine 

*water circulation from bottom to top gets established due to 

heating. Here the condenser section, 

the heat pump circuit exchanges _ _  ~ heat - 

instead of the evaporator, of 

with the intermediate fluid. 



3 . 0  HEAT EXCHANGER 

The heat exchanger shown in Figs. 4 and 5 are shell and 

The design parameters of the heat exchanger 

The principal material of construction 

tube heat exchangers. 

are summarized in Table-I. 

is stainless steel for Design-1 and plastic for Design-2. 

The reservoir water flows on the shell side. In the cooling 

mode, the natural convection establishes a flow direction that is 

from bottom to top, and in the heating mode the flow direction is 

reversed. To achieve counter-current flow in both mode's of 

operation, the flow-direction of the working fluid can also be 

reversed. In the heating mode, the working fluid enters the heat 

exchanger through the central pipe and flows up through the tubes 

and exits the heat exchanger from an outlet nozzle connected to the 

top plenum. In the cooling mode, the working fluid enters the top- 

plenum of the heat exchanger, flows down through the tubes and 

collects in the bottom plenum. It exits the heat exchanger by 

flowing up through the central pipe, which is connected to the 

bottom plenum. 

In Design-1 the tube bundle is divided into 4 quadrants. The 

baffles in the heat exchanger serve the main purpose of providing 

support for the tube bundle. _- These are quite different from the 

conventional segmental baffles. By providing 'baffle-cuts' in 

alternate quadrants, a swirl component is introduced in the shell 

side flow without affecting its predominant axial flow direction. 

e 

9 
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Heat Exchanger Outer she l l  
Bottom Region TOP Region 

Tube Bundle Region 

_- 
e 

support only at  aiternate quadrants 
18 - 

Rotate alternate support by 90,degrees 
al&eSuaaart; 

' 1.0" 

I 

dia holes i n  each quadrant 
hole 

Figure 4 : Mine Water H e a t  Exchanger - Smooth Tube 
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i 

square 
o .7" pitch 
(204 tubes) 3.5" Bore 

dia bundle 

40 PVC Pipe 

Figure 5 : Mine Water Heat Exchanger - Fluted Tube 
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The pressure loss, this way, is kept to a minimum. In Design-2 the 
baffle design is modified. The purpose of the baffle is to merely 

provide tube support. The baffle hole to tube clearance is made 

sufficiently large to permit flow through the clearance without 

excessive pressure losses. Thus in Design-2, the cross flow 

component in the tube bundle is neglected. 

As a general rule, change in flow cross section on the shell 

side is achieved by gradual expansions and contractions to keep 

pressure losses to a minimum. 

Table-I : Details of Heat Exchanger 

Desisn-1 Desisn-2 

Tube Surface Smooth Fluted 

Tube Material SS 304 Aluminum 

Tube S i z e  (OD x thk), inch 1.0 x 0.035 0.375 x 0.028 

Number of Tubes 72 204 
_- . 

377.0 140.2 Heat Transfer Area, ft2- 

Tube Length, ft 20.0 7.0 

Shell Material Steel Plastic 



4.0 THERMAL-HYDRAULIC MODELING 

The thermal hydraulic modeling and performance analysis of the 

heat exchanger was done for both the heating and cooling modes of 

operation. Computer programs were developed for this purpose. In 

the thermal hydraulic calculations, for a specified set of input 

conditions, the following parameters are predicted. 

i) Heat transferred 

ii) Pressure drop and shell side circulation flow rate. 

iii) Outlet temperatures of the tube side and shell 

stream. 

4.1 Thermal Calculations 

The heat transferred is given by: 

where the overall heat transfer coefficient comprises of the tube 

side , wall and shell side heat transfer coefficient. 

The flow inside the tube is laminar for the range of flow 

rates encountered on the system fluid side. Since the flow is 

counter-current, the mean temperature difference or the heat flux 

at any location can be assumed to remain constant throughout the 

heat exchanger. The Nusselt number for constant heat flux 

condition is used for the calculation of tube side heat transfer 

coefficient. The Nusselt number is given by : 

NU = 4.364 

13 
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As an alternative the following empirical equation (3), which is 

based on experimental data [l] for flow inside tubes that takes 

into account the effect of varying properties and influence of free 

convection, is employed. Thus an average temperature difference 

(AT) between the tube wall and the bulk fluid is used for 

calculating the natural convection component of the tube side heat 

transfer. coefficient. 

This relationship is'valid for heating in vertical upflow or 

cooling in vertical downflow and GD/pf I 2000.0. If the tube side 

Reynolds number exceeds a value of 2100 the Gnielinski's [Z] 

correlation is used. For spirally fluted tubes the values obtained 

for equivalent smooth tube is multiplied by an experimentally 

determined enhancement factor. 

The shell side flow is laminar. For laminar flow, theoretical 

relationships are available depending on the boundary conditions, 

i.e. constant surface heat flux or surface temperature, developing 

velocity profile or fully developed flow [3]. For the present case, 

the Nusselt number is determined to be: 

NU = 8.22 ( 4 )  

As an alternative, equation ( 3 )  can also be employed. However, 

while using equation ( 3 )  forrrshell side heat transfer the tube 

outside diameter is used for defining D in the equation (3). Thus: 
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4.2 Pressure Drop Calculations 

The driving force for the shell side flow in the heat 

exchanger is provided by the buoyancy forces. This buoyancy force 

results from the density differential that is obtained between the 

heat-exchange section and the reservoir region. In the cooling 

mode, the average temperature of the shell side water is higher 

than the mine water and therefore the buoyancy force drives the 

flow in the upward direction along the bundle. In the heating 

mode, the flow-direction is reversed. -_ . 

The flow rate on the shell-side is obtained by matching the 

pressure loss components with the driving force, thus: 

The buoyancy force, APb is calculated as: 

Here, (AP)h is the hydrostatic head available at the bundle 
a 

entrance due to the water column which is obtained as : 

and (AP), is the elevation loss in the tube bundle given by : 

Pressure losses on the recirculation circuit of the shell-side 
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consists of the losses associated with the bottom region, tube 

bundle region and the top region of the heat exchanger. The losses 

in each of these regions are further subdivided and modeled as 

follows : 

0 

0 

Entrance, Exit and Expansion Losses 

The losses associated with entrance, exit and expansion 

are modeled as : 

' 
The loss factors associated with different pressure drop 

components is summarized in Table-11. 

Frictional Losses 

The frictional losses are modeled as: 

L pv2 ( A q f  = f - - 
Oh 2gc 

0 Losses i n  the Tube Bundle 

The two major 'components viz. losses in the cross flow 

and window region are evaluated using the standard [SI 

equations. Thus APc in the cross flow region is given by: 



where f, is given by: 

. f, = 0.272 

Region 

Conical Section : Expansion Losses 
Loss Factor Eqn. (10) 

0.36 for Re I 2000 

0.48 for Re 2 2000 

Conical Section : Contraction I 0.75 for Re I 2000 

Pipe Entrance (with 900. bend i n  flow) 

0.45 fo r  Re 2 2000 

0.8 

Pipe Exit (with 900 bend in flow) 

The pressure loss in the window region APw is given by: 

1.0 

where, 

E, = 1 + 0.6 Nrw 

In Design-2, due to the elimination of segmental baffles some 

of the pressure loss components as described above do not exist. In 

the performance calculations -those components are appropriately 

suppressed. 

- - .  



5.0 FULL SCALE TEST RESULTS AND ANALYSIS 

The heat exchangers based on the design details described in 

the previous section were constructed and tested. The heat 

exchanger with the smooth tube design was tested at the actual mine 

water location in Scranton, Pennsylvania. The fluted tube heat 

exchanger was tested at the Ohio State university as well as at the 

lake in Lackawanna State Park. The test results were analyzed using 

the computer program written for this purpose using the thermal 

hydraulic model described in previous section. 

-- . - 
5.1 Tests on Design-1 at Scranton (Smooth tube design) 

The performance of the mine water heat exchanger constructed 

as per Design-1 was evaluated experimentally at Scranton in both 

the cooling as well as the heating mode of operation. The results 

obtained from these tests are summarized in Table-111. The test 

data has been grouped into two sets. These data sets primarily 

signify the mode of operation of the tests. Data grouped as set-I 

corresonds to test results obtained during the cooling mode of 

operation. Similarly set-I1 in Table-I11 corresponds to test 

results obtained when the heat exchanger was operated in the 

heating mode. 

It is interesting to note that the mine water temperature at 

inlet (bottom) remained at rz 600F (temperature of mine water in the 

shafts) in the cooling mode of operation. However, in the heating 

mode lower temperature at.the inlet (toD) was observed. This was 

possibly due to some pre-existing flow in the duct. This flow 

ia 
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Case # 

1 

2 

3 

4 

5 

Table I11 : Performance Data - Tests at Scranton 

TmIN,OF TmOm, TsIN,oF TsOUT, m,,gpm Q,btu/ h: 

60.1 64.1 66.3 64.0 8.7 10015.0 

63.8 67.5 64.2 8.8 14534.0 60.2 

60.2 63.5 69.5 64.2 10.2 27057.0 

60.2 63.0 72.3 63.4 8.3 36972 , 0 

60.2 63.5 74.0 63.5 9.8 51501.0 

Set I : Coolina Mode Runs 

I 54.1 52.2 46.5 49.0 35.9 44920.0 

11- 1 I 53.9 1 52.1 I 40.9 I 45.3 I 34.4 I 75755.0 

3 56.5 I 52.5 I 49.2 I 52.4 33.6 I 53814.0 

apparently worked against natural circulation current in the 

heating mode and mixed with the cold mine water in the bundle 

pushing it to the inlet and establishing a different circulation 

pattern which altered the mine water temperature at the inlet. 

However, in the cooling mode the circulation pattern remained 

unaltered as confirmed by the temperature measurements, The thermal 

hydraulic model developed in the previous section could therefore 

be applied only to the cooling mode runs. In the heating mode runs, 

application of the model could not give any meaningful results. 

Analysis for the cooling mode runs is presented in Table-IV. The 

results are also presented in Fig.6. The analysis was carried out 

for the two options on the tube side correlation. Eqn. (3) uses the 

correlation [l] which takes into account the natural convection 

effects on the tube side flow. On the otherhand Eqn. (2) assumes a 
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Table-IV : Performance Analysis - Tests at Scranton 

constant Nusselt numbeq. On the shell side, Eqn. (5) that takes 

into account the natural convection was used.. The heat load 

predicted using the two options - is plotted as a function of mean 

temperature difference (MTD) between the system fluid and mine 

water. As seen in Fig.6 good agreement (+ 10%) is found between 

the predictions and the actual test data in the lower heat load 

range, when constant Nusselt number is used for the tube side. 

However, in the upper heat load range the correlation that 

considers natural convection effect gives better agreement. In 

Fig.7 the overall heat transfer coefficient predicted by the 

program is compared with the values calculated from the test data. 

The individual heat transfer coefficients predicted by the program 

is also plotted in Fig.7. It is found that the experimental values 
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Legend 
A Q-Test Tests on Smooth tube 

8 

0 Q using Em. ( 3 ) & (  

+ Q using Eqn.  (2)&( 
0 

8 0 

+ 

0 

A + 

0 + 

0 + 
A 

+ 

1 

0 2:O 3:O 4:O 5:O 6.0 7.0 8.0 
Mean Temperature Difference (F) 

Figure 6 : Actual vs. Predicted Q 

Legend 
A U Test Tests on Smooth tube 

0 U using Eqn. ( 3 ) & ( 5 )  

+ U using Eqn. ( 2 ) & ( 5 )  

rn h-tube Eqn. (3) 

h-tube Eqn. ( 2 )  

h-shell Eqn.  (5 )  

h-shell Eqn. (5 )  

. I  0 

0 

X 

E! 20.0 

8 10.0 
X 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 
Mean Temperature Difference (F) 

Figure 7 : Comparison of Heat Transfer Coefficients 
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of the overall heat transfer coefficient show a stronger dependence 

on the mean temperature difference than predicted by the 

correlations. Thus, the following conclusions can be reached on 

the predictability of the thermal hydraulic model. 

0 The natural convection component in the shell side heat 

transfer which is a function of the mean temperature 

difference may be much more dominant than accounted for 

0 

0 

by the correlation used for its prediction. Thus a better 

correlation for shell side is required to improve 

predictions. 

The assumption. of constant Nusselt number on the tube 

side gives good prediction for tests done ( ~ 2 0 % )  at low 

heat loads. 

The Reynolds number on the tube side ranged from 350 to 

500. and on the shell side from 500 to 800. Therefore the 

assumption of constant Nu would have been appropriate for 

these flow conditions. However, the possible presence of 

pre-existing flow in the duct has accentuated the 

uncertainty in assessing the suitability of correlations. 

Nevertheless, the tests at Scranton proved valuable to obtain 

a order of magnitude estimates on the heat transfer rates and rough 

verification of the thermal-. - hydraulic modeling of the heat 

exchanger. 

5.2 Tests on Design-2 (Spirally Fluted Tubes) 

The design with spirally fluted tube was described in section 
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3.0. Since the Reynolds number of the flow in both the shell side 

and tube side are low (1000 to 3000) spirally fluted tubes can 

prove very effective in enhancing the heat transfer coefficients. 

This results in more compact heat exchanger sizes to handle a given 

heat duty. 

The test sites selected for testing the heat exchanger 

designed with spirally fluted tubes provided a large body of 

stationary water column. The site at the Ohio State University used 

a large concrete pit (30 x 30 x 15 feet) which was filled with city 

water. The other site was the lake at Lackawanna state park. The 

problem of possible pre-existing flow in the duct which was 

experienced at the Scranton sine water shafts was eliminated at 

these two sites. 

5.2.1 Tests at the Ohio State University 

Performance data on the mine water heat exchanger were 

obtained in the cooling as well as the heating modes of operation. 

Tests were done for the following range of flow parameters. 

(a) Coolins mode 

System (or tube) side 

Flow rate . 
Inlet Temperature : 

Shell side Inlet Temperature 

(b) Heatins Mode 

System side 

Flow rate 

6 to 20 gpm 

100 OF 

45 OF 

10 to 25 gpm 



- 

Inlet Temperature z:' 

1 

2 

3 

24 

120.0 46.7 78.0 10.53 165000 

120.0 46.3 72.0 17.46 224000 

120.0 . 46.2 70.0 22.4 267000 

46 OF 

Shell side Inlet Temperature : 120 O F  

The performance test data obtained are summarized in Table V 

Table - V : Performance Data - Tests at OSU 
Set I : Cooling Mode Runs 

TmIN, 0 F TsIN, 0 F TsOUT, 0 F ms 

(gpm) 

45.0 101.0 69.5 6.0 

45.0 100.5 78.0 9.68 

45.0 100.5 80.0 15.79 

45.0 100.0 80.0 18.46 

Set I1 : Heating Mode Runs 

94700 

110000 

159000 

185000 

The results obtained using the thermal hydraulic model 

developed in this study are summarized in Table-VI. In Figs. 8 and 

9 the experimentally obtained values of the overall heat transfer 

rate is plotted with the predicted values of the thermal hydraulic 

model for the cooling and heating modes respectively. 
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Case # 

1 

2 

3 

4 

Table VI : Results of Analysis - Tests at OSU 

'tube hshell  U 

49.3 85.0 31.2 

49.6 89.8 31.9 

49.9 -93.4 32.5 

49.9 94.0 32.6 

Cooling Mode Runs : Using Equation (2) and (5) II 

1 

2 

3 

4 

49.6 31.1 19.1 

49.9 31.1 19.2 

50.1 31.1 19.2 

50.1 31.1 19.2 

(I 

L 

1' 47.9 34.1 19.9 154000 

2 47.5 34.1 19.8 170000 

3 47.3 34.1 19.8 175500 

Cooling Mode Runs : Using Equation (2) and 

Q-program 

122000 

150000 

174600 

179200 

( 4 )  

93200 

106000 

116100 

117700 

In the cooling mode the smooth tube model using Eqn.(2) and 

(5) overpredicts the heat transfer rate by 28% in the lower heat 

load range, whereas it underpredicts by 3% in the upper heat load 



range. However, using constant Nusselt 

shell side {Eqn. (2) and ( 4 ) )  the 

27 

numbers on both tube and 

performance of the heat 

exchanger predicted by the program is below the actual performance 

by 2% at the lower heat load range and 35% in the upper heat load 

range 

For the heating mode the shell side flow is in the downward 

vertical. direction of the tube bundle. Equation (5) is not 

applicable -for this situation. Therefore comparisons between the 

actual performance and predictions are made by using constant 

Nusselt numbers in the program. It is found that the actual 

performance in the heating mode in the range tested is 10 to 35% 

higher than the predictions of smooth tube model. 

In the cooling mode the Reynolds number on the tube side 

ranged from 360 to 1180 and on the shell side it ranged from 500 to 

620. Similarly in the heating mode the Re values on the tube side 

ranged from 500 to 950 and on the shell side it ranged from 3500 to 

3700. Assuming that the use of constant Nusselt number on the tube 

as well as the shell side, is appropriate for the flow conditions 

the data shows that i n  both modes of operation significant 

enhancement in heat transfer is obtained with spirally fluted 

tubes. Information on the shell side water flow rate could not be 

deduced from these tests. Therefore, the extent of friction factor 

enhancement in the tube bundle could not be ascertained from these 

tests. 
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TmIN I 0 F 

43.8 

44.1 

41.5 

5.2.2 Tests at Lackawanna state park 

The tests at OSU did not provide complete information on the 

heat transfer and friction factor enhancement of the spirally 

fluted tubes. Further tests on the heat exchanger (Design 2) was 

made at the lake at Lackawanna State park. All these tests were 

made in the cooling mode of operation. The test results are 

Tm,UT 1 TSINIOF TSOUT~OF m, (gpm) Qibtu/hr 

54.4 67.4 58.2 12.8 61044 

54.3 72.4 63.5 22.8 100114 

43.6 43.8: 43.1 19.1 4276 
-_.  

summarized in Table VII. 

Table VI1 : Performance Tests at Lackawanna State Park 

The test results were analyzed using the thermal hydraulic 

model and the results are presented in Table VIII. The results are 

also plotted as a function of Mean Temperature Difference in Figs. 

10 and 11. 

The enhancement in the overall heat transfer rate compared to 

the smooth tube thermal hydraulic model (using Eqn. (2) and (5)) 

was found to be 2.5% for Case 1, 16.5% for Case 2 and 63.7% for 

Case 3. However, using Eqn.(2) and (4) the enhancements are found 

to be much more higher (28% to 64%). The flow rate on the shell 

side was deduced from the heat transfer rate and the temperature 
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difference between the inlet and outlet. The shell side flow rate 

predicted by the program was matched with the actual flow rate by 

enhancing the friction factor for flow over the tube bundle. 

Similarly the heat transfer rate predicted by the program was 

matched with the test data by enhancing the tube side heat transfer 

Case # 'tube . hshell 

1 48.0 68.7 

2 48.4 75.7 

3 46.4 23.9 

coefficient. The enhancement factors obtained for Case 1 and 2 are 

U 

28.2 

29.5 

15.8 

presented in Table IX. 

1 48.1 31.0 18.8 

2 48.5 31.0 18.9 

30.7 18.5 -- # 

46.4 3 

Table VI11 : Results of Analysis - Tests at Lackawanna 

44100 

58200 

1616 

( 5 )  

Q-program 
~~ 

59500 

83500 

1 5 5 1  

Table IX : Enhancement Factors - Analysis of Tests at Lackawanna 
Enhancement Factor Case 1 case2 

On Shell Side Friction Factor 2.3 1.2 

On Tube Side Heat Transfer Coefficient 1.4 1.5 
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Similar analysis for Case 3 did not yield meaningful results 

as the uncertainty in the heat load measured due to small 

temperature difference is very high ( ~ 4 0 % ) .  Thus, heat exchangers 

that are designed using similar fluted tubes can use the thermal 

hydraulic model developed in Section-3 with an enhancement factor 

of 2.0 on friction factor and 1.45 on tube side heat transfer 

coefficient. 



NOMENCLATURE 

A Total Heat Transfer Surface Area, (ft2) 
D Tube Diameter, (ft) 
Dh Hydraulic Diameter, (ft) 

G Mass Velocity, (lbm/ft2-hr) 
g Acceleration due to Gravity, (ft2/hr) 
gc Conversion factor, (32.2 lbm-ft/s2-lbf) 
htube : Tube side Heat Transfer Coefficient, (btu/hr ft20F) 
hshell : Shell side Heat Transfer Coefficient, 

f . Friction Factor 

(btu/hr ft20F) 
k Loss Factor for Pressure Drop (Table 11) 
L Tube Length, (ft) 
Nu : Nusselt Number 

Nrc : 
Nrw : Number of tube‘rows in the window region 
Pr : Prandtl Number 
Q Heat Load or Duty, (btu/hr) 
Re : Reynolds Number 
T Temperature, (OF) 
U Overall Heat Transfer Coefficient , (btu/hr ft20 F) 
V Fluid Velocity, (ft/s) 
P Volumetric Temperature Coefficient, ( 0  F”) 

AP : Pressure Difference, (psi) 
AT : Temperature Difference, (OF) 

I-L 
P 
Subscripts: 
C Cross Flow 

Number of tube rows in the cross flow region 

. Dynamic Viscosity, (lbm/ft-hr) 

. Density, (lbm/ft3) 

. f . Saturated Liquid 
4 Saturated Vapor 
lm : Log Mean 
m . Water Reservoir side 
W Window Region or at Wall Conditions 
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