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Summary

Shell-and-Tube Heat Exchanger, Project 1

Group B

A. M. Redding (report author), S. Healy, M. Tippetts,

Report Date: September 21, 2001


A laboratory manual was created for the shell-and-tube heat exchanger.  The theories of heat transfer and heat exchangers were explained and followed by literature correlations.  All of the instrument specifications were defined.  A procedure for use and safety of the equipment was outlined.  Measurements taken by our group during calibration of the flow meters were included.  This was followed by sample calculations of the Reynolds numbers and error analysis for those calculations.  This manual is sufficient to teach anyone how to run the shell-and-tube heat exchanger.


It is recommended that this laboratory manual be filed with Bob Cox in MEB 3520.  Since this manual has been written, there is no longer a need to have students attempting to find instrument specifications and learn the equipment on their own.  Students should be given access to this information to aid them in their own research projects, however, it is important that they not use this information as the basis for their laboratory reports.

I. INTRODUCTION


The purpose of a heat exchanger is just that--to exchange heat.  Most processes require the heating or cooling of streams to produce a desired temperature before the stream can be fed to operations.  In any heat exchanger there must be a fluid that requires a change in energy (heating or cooling) and a fluid that can provide that energy change.  One fluid is sent through a pipe on the inside of the heat exchanger while the other fluid is sent through a pipe on the outside.  In this configuration, no mixing of the hot and cold fluids needs to take place.  This is very convenient for many processes, especially when product purity needs to be ensured.  This arrangement also allows for large quantities of heat to be transferred quickly, and it is relatively easy to maintain consistent operating conditions.

There are three principle means of achieving heat transfer, conduction, convection, and radiation.  Heat exchangers run on the principles of convective and conductive heat transfer.  Radiation does occur in any process.  However, in most heat exchangers the amount of contribution from radiation is miniscule in comparison to that of convection and conduction.  Conduction occurs as the heat from the hot fluid passes through the inner pipe wall.  To maximize the heat transfer, the inner-pipe wall should be thin and very conductive.  However, the biggest contribution to heat transfer is made through convection.


There are two forms of convection; these are natural and forced convection.  Natural convection is based on the driving force of density, which is a slight function of temperature.  As the temperature of most fluids is increased, the density decreases slightly.  Hot fluids therefore have a tendency to rise, displacing the colder fluid surrounding it.  This creates the natural “convection currents” which drive everything from the weather to boiling water on the stove.  Forced convection uses a driving force based on an outside source such as gravity, pumps, or fans.  Forced convection is much more efficient, as forced convection flows are often turbulent.  Turbulent flows undergo a great deal of mixing which allow the heat to be transferred more quickly.

In this particular apparatus, water is used as both the hot and cold fluid.  The purpose of this heat exchanger is to cool a hot stream.  Cooling water flows through the outer pipe (the shell), and hot water flows through the inner pipe (actually 28 tubes) on the inside.  Heat transfer occurs in both directions; the hot water is cooled, and the cooling water is heated.  This arrangement is called a “shell-and-tube” heat exchanger.  There are many other forms of heat exchangers; most notably, the double-pipe heat exchanger.  In this arrangement a cold fluid flows through a pipe in the center of the apparatus and is heated by a hot fluid on the outside of that pipe.  The hot water used in the shell-and-tube heat exchanger is produced by means of a double-pipe heat exchanger.  The discharge from the shell of the shell-and-tube heat exchanger is circulated through the inner pipe of the double pipe heat exchanger.  Low-pressure steam condenses on the outside of the pipe, heating the water before it enters the tubes of the shell-and-tube heat exchanger.  

II. THEORY

The theory behind the operation of a shell-and-tube heat exchanger involves the consideration of both convective and conductive heat transfer.  The treatment presented in this report is based on the work done by Incropera and Dewitt (1996).


The determination of the overall heat transfer coefficient is one of the most important, and often most uncertain, quantities in the analysis of heat exchangers.  This coefficient primarily accounts for all of the conductive and convective resistances (k and h, respectively) between fluids separated by a wall (or tube), and further takes into account thermal resistances caused by fouling on the wall (i.e., rust, scaling, etc.) by means of fouling factors on both sides.  For an unfinned, tubular heat exchanger the overall heat transfer coefficient, Ud, can be expressed as
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Another important quantity in heat exchanger analysis is the total rate of heat transfer between the hot and cold fluid.  Several different expressions for this heat transfer rate can be developed, relating the heat transfer rate to quantities such as the inlet and outlet fluid temperatures and the overall heat transfer coefficient.  When these expressions are developed, care must be taken to ensure that the appropriate mean temperature expressions are used.  Several assumptions can be made to simplify these expressions.  In this case, we assume: negligible heat transfer between the system and its surroundings, negligible potential or kinetic energy changes, constant specific heats, and that the fluids are not undergoing any phase change.  In this case, the total heat transfer rate, q, becomes

where
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and 



[image: image2.wmf].

o

i

t

t

t

T

-

=

D






         (4)

When the total heat transfer rate is related to the overall heat transfer coefficient, another expression develops.  This time
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where A is the area for heat transfer, F is the correction factor for flow, and (TLM is the log mean temperature difference between the inlet and outlet temperatures.  In a shell-and-tube heat exchanger, the area for heat transfer is
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The correction factor, F, is needed due to the fact the theory was originally developed for the case of pure counterflow.  In a shell-and-tube heat exchanger, there is usually one shell pass and some multiple of two tube passes.  The shell-and-tube heat exchanger used in experimentation has one shell pass and two tube passes.  For this case, the correction factor, F, becomes
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where the equations for each of the variables in the equation are
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Finally, the log mean temperature difference is defined as the mean between the inlet and outlet temperatures for both the shell-and-tube.  The equation for the log mean temperature difference is


Another important consideration in the development of the theory behind a heat exchanger is the Reynolds number, a ratio between the inertial and viscous forces in flow.  The value of this dimensionless group denotes whether the flow in the heat exchanger is laminar or turbulent.  Naturally, turbulent flow is preferred, as heat transfer in turbulent flow is much greater.  The Reynolds number for flow through tubes is given by


[image: image4.wmf]t

t

t

i

tube

a

m

d

m

&

=

Re







  (13)

with at, the tube flow area, given by
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The Reynolds number for flow through the shell is quite a complicated expression due to the number of tubes and baffles the flow encounters and the pitch of tubes.  The shell Reynolds number can be written as
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where the quantity De represents the equivalent shell diameter and is given by
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The quantity Vs represents the velocity of the flow and is given by

    
[image: image7.wmf]s

s

s

s

a

m

V

r

&

=







  (17)

where as represents the shell flow area and is given by
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and c’ is a quantity called the shell clearance, which is


PT is a quantity referred to as the “pitch” of the tubes.  The pitch describes the spacing of the tubes inside the heat exchanger and their alignment in relation to each other.  The pitch of the tubes inside of the shell-and-tube heat exchanger used in experimentation is triangular and is best described by Figure 1.
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Figure 1-Triangular Pitch and Clearance [3]
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Several correlations are used to determine values for the variables that, along with instrument specifications, yield enough data to calculate Ud.  These correlations are dependent on the value of the Reynolds number.  Using the equations described above, Reynolds numbers were calculated for both the shell-and-tube side flows.  Both were found to be turbulent at the maximum flow rate.  The Reynolds number inside the tubes at maximum flow was over 10,000 and all of the other conditions likewise held, allowing use of the following correlation:

[image: image36.wmf](

)

s

m

m

s

i

T

T

n

tube

tube

tube

T

T

for

n

or

T

T

for

n

d

L

Nu

where

flow

developed

fully

turbulent

for

>

=

>

=

£

£

³

÷

÷

ø

ö

ç

ç

è

æ

³

=

3

.

0

4

.

0

20

,

160

Pr

6

.

0

,

10

,

000

,

10

Re

Pr

Re

023

.

0

,

5

4

where

[image: image37.wmf](

)

21

Pr

k

Cp

t

tube

m

=

and

Therefore, Equations 20-22 allow the determination of hi.

Thermal conductivity, k, can be looked up in a handbook once an approximate temperature is determined.  Ud can be calculated by relating Equation 2 for the tube side with Equation 5.  Equation 2 is selected based on the fact that heat loss to ambient air occurs on the shell side.  Also, the fouling factors Rfo and Rfi can be looked up from various sources, including Standards of the Tubular Exchange Manufacturers Association, or lumped together and determined experimentally.  This allows Equation 1 to be solved for ho, the shell side heat transfer coefficient.  This value can be compared to literature values obtained from empirical equations found in Kern’s (1990) work:  
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III. EQUIPMENT SPECIFICATIONS

The following is a list of all pieces of equipment and their specifications for the shell-and-tube heat exchanger.

1) Shell-and-Tube Heat Exchanger

· Shell

Material:


Carbon Steel

Length:


6.25 ft

Inside Diameter: 

6.0 in

Outside Diameter: 

6.60 in

Incoming pipe diameter:
3/4 in, Schedule 40 stainless steel

Outlet pipe diameter:
1 1/4 in, Schedule 40 stainless steel

· Tubes

Number of Tubes:

28

Number of Passes:

2, U-bend configuration

Material:


Copper, Schedule 40

Length:


6.0 ft

Inside Diameter: 

5/8 in

Outside Diameter: 

3/4 in

Pitch:



7/8 in, Triangular pitch

Incoming pipe diameter:
1 1/4 in, Schedule 40 stainless steel

Outlet pipe diameter:
1 1/4 in, Schedule 40 stainless steel

· Baffling

Number of Baffles:

2

Baffle spacing:

30 5/8 in from tube side





50 3/4 in from tube side

· Holding Tank

2) Pump

Manufactured by:

Worthington Pump Incorporated

Model:


Worthington D520

Size:



1.2X1X5

Impeller Diameter:

5.25 in

Operating Pressure:

21 psi

Incoming pipe diameter:
1 1/2 in, Schedule 40 stainless steel

Outlet pipe diameter:
1 1/4 in, Schedule 40 stainless steel

3) Double Pipe Heat Exchanger

Material:


Schedule 40 stainless steel

Length:


14 ft

Inside Pipe Diameter:
1 1/4 in

Outside Pipe Diameter:
2 1/2 in

4) Valves

· Gate Valves

Manufactured by:

Stockham

· Ball Valves

Manufactured by:

Watts Regulator

· Computer Controlled Valves

Manufactured by:

Honeywell

Model:


Modulating Valve Actuator ML7984

Operating Temperature:
0 to 55(C

Tube Valve Discharge

Coefficient:

29.3

Shell Valve Discharge 

Coefficient:

11.7

P (for shell-and-tube):
5.0

I (for shell-and-tube):
2.0

D (for shell-and-tube):
0.000

5) Flow meters

Manufactured by:

Brooks Instruments

Model:


MT 3810

Accuracy:
(5% full scale from 100% to 10% of scale reading

Repeatability:

0.25% full scale

Operating Temperature:
-29 to 215(C

Flow Range:


3.52 to 35.2 gpm for shell side flow meter





8.80 to 88.0 gpm for tube side flow meter

6) Thermocouples

Manufactured by:

Omega

Model:


Type T

Range:


-60 to 100(C

Accuracy:
1.0(C or 0.75% above 0(C (whichever is greater)

1.0(C or 1.5% below 0(C (whichever is greater)

7) Low Pressure Steam

Pressure:


15 psi

Temperature:

100(C

8) Computer

Manufactured by:

Dell Systems

Operating System:

Windows NT

Software:
Opto-22 electronics and computer based software, Version R3.16.  Copyright 1996-2000 Opto-22.

IV. SYSTEM SETUP


The shell-and-tube heat exchanger used in experimentation is located in MEB 3520.  Figure 2 describes the setup of this shell-and-tube heat exchanger.  Water from the shell is used to fill the tank and is then pumped to the double-pipe heat exchanger where it is heated with low-pressure steam.  Upon leaving the double-pipe heat exchanger, the water travels through the tubes of the shell-and-tube heat exchanger, where it is cooled and returned to the tank.  On Figure 2, numbers one and two represent gate valves on the steam line entrance and exit of the double-pipe heat exchanger.  Valves three and nine are ball valves that can be used to manually control the flow through the tubes and the shell.  Valves five and seven are referred to as computer controlled valves.  The Opto-22 software is connected to manual valve actuators, which open and close the valves to various percentages.  Valve five controls the tube flow, while valve seven controls the shell flow.  The gate valve represented by valve six is, in reality, two gate valves that can be used in conjunction to direct the flow either from the pump directly back to the tank or from the pump through the double-pipe heat exchanger.  Number ten represents the gate valve that controls the flow of building water through the shell.  Numbers four and eight show the position of the flow meters, which are also connected to the Opto-22 software.
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Figure 2- Process Flow Diagram for the Shell-and-Tube Heat Exchanger


Figure 3 is a diagram of the shell-and-tube heat exchanger only.  It shows key points of interest in more detail than Figure 2 and shows the position of the thermocouples for both the inlets and outlets on the shell and the tubes.  Figure 4 shows an actual picture of the apparatus.  The disk included with this manual includes this picture, as well as pictures of the individual valves, thermocouples, and other pieces of equipment.
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Figure 3- Diagram of the Shell-and-Tube Heat Exchanger


[image: image12.png]



Figure 4- Picture of the Shell-and-Tube Heat Exchanger.

V. PROCEDURE

A. THE SOFTWARE

As some of the pieces of equipment on the shell-and-tube heat exchanger are electronically controlled, and the data are taken via computer, learning to use the software is of vital importance.  The following steps will explain how to start the software, and what the various sections of the software mean.

1. Turn on the computer.

2. Click on the icon reading “Shortcut to Heat Exchanger MMI.”  This will load the Opto-22 software.

3. The first screen that appears will look like this: 
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Figure 5- Loading the Heat Exchanger Software

4. Click on the Heat Exchanger Menu button.  At this time, another menu will come up. 
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Figure 6- Selecting the Shell-and-Tube Heat Exchanger

5. Select the Shell-and-Tube Heat Exchanger.

6. Now the Opto-22 interface has been opened.  Along the left of the screen there are several sections, at the bottom there is a figure of the heat exchanger that looks like Figure 3, and in the center of the screen there is the Opto-22 graph.
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Figure 7- Shell Temperature Control 


Figure 7 shows values for the shell outlet temperature, SP, the shell outlet thermocouple reading, PV, and the percent tube valve opening, MV.  MV correlates with valve seven.  It also shows the PID values that have been input for the tube-flow rate control.  Both SP and MV allow inputs to be made; however, the system does not respond to a change in the shell outlet temperature.
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Figure 8- Shell-Flow Rate

Figure 8 shows the shell-flow rate, SP, the shell-flow rate as measured by flow meter four, PV, and the percent shell valve opening, MV.  Here, MV corresponds with valve five.  These PID values are set for the shell-flow rate control.  Again, the only value that can be changed with any effect is MV. 
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Figure 9- Opto-22 Display and Legend

These figures show the readings for each of the measured quantities.  The colors in each of the boxes correspond with the colors on Figure 3.  When the software is opened, each of these quantities is displayed in real time on the Opto-22 graph.  Therefore, these boxes also serve as the legend for the graph.

7. To change the value of MV, left click inside the MV cell.  This will open a dialog box where the entry of percent valve opening may be made.

B. CLEANING OUT THE SYSTEM

When the heat exchanger sits unused, rust and scaling develop on the walls of the tubes.  In order to ensure accurate measurements, it is imperative that the heat exchanger be well flushed before data are taken.  If the heat exchanger is not cleaned out, the determination of heat transfer coefficients will be difficult, due to transient fouling factor values.  The following steps delineate this process.

1. Make sure the computer is on, and the Opto-22 software is running on the shell-and-tube heat exchanger.  (See section A, The Software.)  Look at the Opto-22 control box, and make sure that there are several red lights on.

2. Open both the shell-and-tube computerized valves to 100%.  (See step seven under section A, The Software.)  It is possible to observe the valves open, although it will take almost a minute for them to open fully.

3. Open valve 10, the gate valve on the shell inlet.  This should allow water from the building into the shell.

4. Open valve nine, the ball valve on the shell outlet.  At this point, you should observe flow out of the shell and into the tank.  If this is not the case, there is most likely a problem with Opto-22 or with the computerized valve number seven.

5. Allow the tank to fill approximately 2/3 full.

6. Close valve nine manually.

7. It was mentioned in the System Setup that valve six is actually two separate valves.  Make sure that the valve that returns flow to the tank is closed, and that the valve which pumps water through the double-pipe heat exchanger is open.

8. Check to see that valve 3 is also open.

9. Turn on the pump.  The pump switch is located on the wall directly to the west of the heat exchanger.  It is the switch furthest to the south (the one on the left).
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     Figure 10- The Pump Switches

10. At this point, water should start running through the double pipe heat exchanger (on the ceiling).  Allow the water to run for one to two minutes.  As the water begins to circulate through the entire system, the water will turn rusty brown in color, and a foul smell will be observed.  When sufficient time has been allowed for circulation to take place, turn the pump off.

11. There is a valve near the floor on the west side of the tank that will drain the contents of the tank.  Open this valve, and allow the tank to drain completely.
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Figure 11- The Tank Discharge Valve

12. Close the tank discharge valve.

13. Open the shell side ball valve (valve nine) and refill the tank, again approximately 2/3 full.  Close valve nine.

14. Turn on the pump and allow the water to circulate for approximately five minutes, or as long as the operators deem necessary for the system to be cleaned out.  This can be determined when the color of the tube discharge water is constant.

15. Turn the pump off.

16. Drain the tank and close the tank discharge valve

17. Repeat steps 13-16 at least once more to replace the water in the tubes with clean water.  These steps can be repeated as many times as deemed necessary until the tube discharge is relatively clean.  Please note that it is highly unlikely that the tube discharge water will ever reach a state where it is entirely clean or colorless.


C. TURNING ON THE STEAM

The process of turning on the steam is very simple, yet it is an essential step in making the heat exchanger work.

1. Obtain a ladder and heat resistant gloves.

2. Open valves one and two while wearing the heat resistant gloves.  Use the ladder to reach the valves, as the valves are near the ceiling.

3. Now the steam has been turned on.  Water sent through the tubes will begin to heat up.

D. CALIBRATIONS

Calibrations can be made for both the shell-and-tube flow rates and the outlet thermocouple temperatures.  These calibrations need to be made to ensure the accuracy of the values used in the equations and to obtain error propagation estimates.  The most accurate method of determining the flow rates is by determining mass of water as a function of time.  It is very critical that the measurements of the mass flow rates are accurate, as the flow rates contribute the largest error to the Reynolds number (see Appendix III- Error Propagation).  As the thermocouples should not be removed from the heat exchanger except to replace them, only the outlet thermocouples can be calibrated.  Measuring the temperatures of the outlet streams with a calibrated thermometer is a very simple way to accomplish this.

CALIBRATION OF FLOW RATES

1. Obtain a bucket or other container that can hold water.  The container should have a volume of at least 3 gallons.  Obtain a scale that can measure mass up to 10 kg.  Obtain a stopwatch.

2. Determine the range of shell-and-tube flow rates that will be measured.  Ensure this range covers low and high flow rates.  At least three flow rates should be measured for both the shell and the tubes.

3. For shell measurements: Open the computerized valve (seven) to 100%, and use the ball valve (valve nine) to control the flow rate.  Start the flow, and use valve nine to adjust the flow rate (displayed on flow meter 8) to the desired level.

a. For tube measurements: Use the computerized valve (five) to control the flow rate.

4. Record the flow rate that is measured either by computer, or by the flow meters, as they should be the same.  Note: It would be wise to verify this fact.

5. When a constant flow rate has been established in either the shell or the tubes (see step three), have one person place the bucket under the flow.  Simultaneously, have another person start the stopwatch.  When the bucket is more than 3/4 filled, remove the bucket from the stream, as someone stops the stopwatch.  Note: Attempt to minimize splashing of water out of the bucket as much as possible, as this will lead to greater error.

6. Weigh the bucket.

7. Record the weight and the time.

8. Repeat steps three through seven as many times as necessary to ensure that valid statistical data has been gathered for all flow rates on both the shell-and-tube sides.

CALIBRATION OF THE THERMOCOUPLES

1. Obtain a calibrated thermometer.  A thermometer may be calibrated by recording the temperature that the thermometer reads in ice water (0(C) and in boiling water (temperature determined in conjunction with barometric pressure).

2. Turn on the shell flow.

3. Wait for a stable temperature reading.  Use the thermometer to measure the temperature of the shell discharge.

4. Record the value obtained and the value recorded by the Opto-22 software.

5. Turn off the shell flow.

6. Turn on the tube flow.

7. Wait for a stable temperature reading.  Use the thermometer to measure the temperature of the shell discharge.

8. Record the value obtained and the value recorded by the Opto-22 software.

9. Turn off the tube flow.

10. Repeat steps two through five and six through nine as many times as deemed necessary to create valid statistical data.  If desired, higher temperatures may be used.  In this case, use procedure C, Turning on the Steam.  Be sure to wait for a constant temperature before taking temperature readings.

E. MAKING MEASUREMENTS

All of the components of the heat exchanger have been explained.  It is a good idea to clean out the heat exchanger before each use, or at least once a week.  After the initial cleaning, flushing the system out one time should be sufficient.  It is recommended that calibrations be made before running any experiments.  Reynolds numbers, should also be calculated so that the operators know where the turbulent flow assumption holds.  

Recommendations about starting up the heat exchanger will be given.  However, it is up to the operators to determine how to use the equipment to best suit their needs.  The procedure used by the writers of the manual was as follows:

1. The tank was filled approximately 3/4 full.

2. The steam was turned on.

3. The pump was started with a tube valve opening of 100% and the water was allowed to heat to 95(C.

4. The shell flow was then turned on with a valve opening of 100%.

5. It took approximately 30 minutes for steady state temperatures to be reached.

It is important to note that this procedure need not be followed.  However, it is recommended that the tube water be heated before the shell flow is started.  It is also important to mention that when the shell-and-tubes are running concurrently, the tank discharge valve must also be open to avoid overfilling the tank.

F. SAFETY

While the shell-and-tube heat exchanger is not a dangerous piece of laboratory equipment, care still must be taken to avoid injury.  At all times operators of the equipment should wear safety glasses and hardhats, especially when the steam is turned on, or people are working on ladders (with the steam valves).  When opening or closing the steam valves, always wear heat resistant gloves.  After the steam is turned on, care must be exercised as the water and pipes will become warm.  Avoid touching the warm metal.  Most of the critical areas are insulated; however, there are several pipes that can become quite warm.  Water does splash out of the tank, and can burn at high temperatures (near 100(C).  The level of water in the tank should be kept at least 1/3 full to decrease the amount of splashing, especially when the water is hot.  As water spills may occur, it is also important to have a mop and bucket on hand whenever the heat exchanger is used.  Clean up any spills immediately to avoid damaging any electronics, especially on the computer controlling the equipment.  It is also important to keep the area surrounding the pump clear.  While it is enclosed and mounted, the pump does require ventilation.  Also, never run the pump dry.  Not only does it wear out the valves and seals, but the pump can also overheat.
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APPENDICES

	APPENDIX I- CALIBRATION OF FLOW METERS

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	
	Table 1-Raw
	Data for Flow Meter
	Calibrations
	
	
	

	Shell Flow Rates (according to flow meter)

	

	Time (s)
	Weight of water (kg)
	Flow (kg/s)
	Flow (gal/min)
	Flow (lbm/s)
	 
	Average (lbm/s)
	Std. Dev.

	5 gpm, with hose

	27.41
	9.02
	0.329
	5.225
	0.726
	
	
	 

	25.28
	8.51
	0.337
	5.345
	0.742
	
	
	 

	27.88
	9.29
	0.333
	5.291
	0.735
	
	
	 

	28.22
	9.42
	0.334
	5.300
	0.736
	
	0.735
	0.007

	10 gpm, with hose

	13.10
	8.57
	0.654
	10.388
	1.443
	
	
	 

	14.13
	9.44
	0.668
	10.608
	1.473
	
	
	 

	15.09
	9.73
	0.645
	10.239
	1.422
	
	
	 

	13.34
	8.81
	0.660
	10.487
	1.456
	
	1.448
	0.022

	18 gpm, full flow

	7.85
	8.93
	1.138
	18.064
	2.508
	
	
	 

	7.63
	8.59
	1.126
	17.877
	2.482
	
	
	 

	7.59
	8.48
	1.117
	17.741
	2.464
	
	
	 

	7.84
	8.8
	1.122
	17.823
	2.475
	
	
	 

	7.69
	8.69
	1.130
	17.944
	2.492
	 
	2.484
	0.017

	
	
	
	
	
	
	
	

	Tube Flow Rates (according to computer)

	

	Time (s)
	Weight of water (kg)
	Flow (kg/s)
	Flow (gal/min)
	Flow (lbm/s)
	 
	Average (lbm/s)
	Std. Dev.

	Valve open 50%, or 16.5 gpm

	8.29
	7.59
	0.916
	14.538
	2.019
	
	
	 

	9.28
	8.67
	0.934
	14.835
	2.060
	
	
	 

	8.88
	8.14
	0.917
	14.556
	2.021
	
	
	 

	9.34
	8.55
	0.915
	14.536
	2.018
	
	2.030
	0.020

	valve open 75%, or 31 gpm

	3.94
	7.85
	1.992
	31.637
	4.393
	
	
	 

	4.31
	8.24
	1.912
	30.358
	4.216
	
	
	 

	3.97
	7.86
	1.980
	31.438
	4.366
	
	
	 

	3.94
	7.94
	2.015
	32.000
	4.444
	
	4.354
	0.098

	valve open 100%, or 35 gpm

	3.41
	8.15
	2.390
	37.951
	5.270
	
	
	 

	3.63
	8.74
	2.408
	38.232
	5.309
	
	
	 

	3.37
	7.96
	2.362
	37.506
	5.208
	
	
	 

	3.41
	7.99
	2.343
	37.206
	5.167
	 
	5.238
	0.063


APPENDIX II- SAMPLE CALCULATIONS
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APPENDIX III- ERROR PROPAGATION

Table 2- Error Analysis

	
	
	
	
	
	
	
	

	Error in Shell Side Reynolds Number
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	(24)

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	Re shell
	Pt
	do
	m
	Ds
	B
	u

	Value
	2723.49
	0.073
	0.063
	2.484
	0.500
	0.594
	6.73E-04

	Sigma
	
	0.001
	0.001
	0.017
	0.001
	0.001
	3.09E-05

	
	
	
	
	
	
	
	

	Value of Derivatives
	
	
	
	
	
	

	
	
	-250.6
	43879.6
	1096.7
	-5448.4
	-4588.1
	-4047852.7

	
	
	
	
	
	
	
	

	Error Per Variable
	
	
	
	
	
	

	
	
	-0.0003
	0.0439
	0.3169
	-0.0054
	-0.0046
	-0.0039

	
	
	
	
	
	
	
	

	Total Error
	
	
	
	
	
	

	
	0.35
	with the largest error coming from the mass flow rate.
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Error in Tube Side Reynolds Number
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	(25)
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	Re tube
	di
	m
	u
	
	
	

	Value
	13590.91
	0.052
	5.238
	6.73E-04
	
	
	

	Sigma
	
	0.001
	0.063
	3.09E-05
	
	
	

	
	
	
	
	
	
	
	

	Values of Derivatives
	
	
	
	
	
	

	
	
	-260937
	-13590.447
	3855255.658
	
	
	

	
	
	
	
	
	
	
	

	Error Per Variable
	
	
	
	
	
	

	
	
	-0.261
	-53.940
	0.004
	
	
	

	
	
	
	
	
	
	
	

	Total Error
	
	
	
	
	
	

	
	-54.20
	
	
	
	
	
	


Shell Side Reynolds Number:

2723.49 ( 0.35.  The largest error comes from the mass flow rate.

Tube Side Reynolds Number:

13590.9 ( 54.2.  The largest error comes from the mass flow rate.
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