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Outline

• Some London (reprise) items 

• Writing reports



A few items for clarification
• Recommended website:http://londontopia.net 

• 101 “free things” mentioned several of the mjm 
“to dos” 

• e.g., the Thames tunnel, St. Pancras and 
Trafalgar Square  

• (but not to count the “Prets”)  

• http://londontopia.net/101-free-things-to-do-
in-london/



Suggestions
• If you are not coming with the group.. 

• Piccadilly line from Heathrow 

• but not during “rush hour” 

• Need cash/(coins) for some fraction of public restrooms,  

• 20, 30 40 pence, 1 Euro at the Paris Train station.  

• (much lower density of public restrooms in UK and Europe in general than US.) 

• Need cash for “busking musicians”  

• They have auditions for key locations:  

• https://www.coventgarden.london/culture/street-performers 

• and “pan handlers”… 

• or not… but if someone is asking you where you are going, he does know the way! 

• Small sales at small shops, street vendors, etc.



Prequel
• Because of instant, electronic communication, writing is more 

important that it had been previously 

• particularly the ability to craft a good message in just a few 
words, in a short amount of time. 

• Also, everyone is “busier” than in previous generations (at least we 
think we are -- I suppose we are keeping up with our instant 
communication!) so they will read only the minimal amount of 
everything 

• This is an opportunity for those of you who are good at it 

• Ideally, you could think of report writing as a chance to be getting 
better at an essential skill!



Outline

• First you need content (good data) and sound understanding 

• General thoughts and principles of technical writing 

• Be clear and efficient 

• Correct grammar is important  

• Introduction

• Theory

• Experiment

• Graphs

• Discussion

• Abstract



General thoughts
• You are not writing to fill up space 

• You should respect the time and effort of the reader 

• The reader should get exactly the conclusions that you are trying to convey --  

• if the “fix” to a process is a 10C decrease in temperature, you don’t want the 
reader thinking it is a 10C increase! 

• Ethanol from corn is fundamentally a bad idea and so the reader should not 
get the end and not be sure of this.  

• Generally 3rd person, save 1 or 2 “we’s” for emphasis (not in abstract) 

• Use consistent verb tense.  You did the experiment in the past.  But, you can state 
the results in the present (or past), just don’t switch back and forth.   

• If I am particularly confident about the results, I would be inclined to state them 
in the present!!



Introduction

• This is your chance to “capture the imagination” of the reader by 
describing the technology importance of the topic of the 
laboratory experiment. 

• You get just one chance… the first couple of sentences… and if 
it works don’t over do it and if it doesn’t don’t belabor it! 

• “Almost all of the electricity that powers modern civilization is 
generated through the use of a Rankine Cycle in which steam 
generated by burning of fossil fuels or from a nuclear reaction 
passes through a turbine that turns a generator…” 

• At this point you could write about the history or something about 
the sources of energy, even something about pollution controls.
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numbers should give the uncertainty (e.g., … solubility at 25C was 25± 3 moles/liter) and 
of course units should be included.  
 
We recommend that you write the abstract last, when your thoughts are most clearly in 
focus (i.e., you know all the answers and thus know what to say!). 

 
3.  Table of Contents 
 

A Table of Contents should be included in the report, including a listing of the Abstract.  
Appendices should also be listed.  All pages should be numbered, including tables, 
figures, and appendices. 

 
4.  Introduction 
 

The purpose of the Introduction is to place the work in the perspective of prior work 
including key literature references, demonstrate its importance, and state the specific 
objectives.  The Introduction should not exceed two pages. 

 
 
 
 
5.  Theory 
 

This section is a short, concise statement of the essential empirical and theoretical 
relations to be used in interpreting the data or to be tested by the data.  Equations are 
usually stated with a reference, along with the pertinent assumptions and limitations.  
Brief manipulations may be appropriate, but long derivations are relegated to an 
appendix.  The physical significance of equation parameters should be pointed out. 

 
6.  Experimental 
 

A.  Apparatus 
 
The objective of this section of the report is to describe the experimental set-up in 
enough quantitative detail to enable the reader to completely understand the 
experiment.  Ranges of independent variables are cited.  The model and supplier 
of any unique equipment should be cited.  Also, a schematic diagram of the 
experimental apparatus should be included. 
 
B.  Procedure 
 
The objective of this section of the report is to describe the materials and methods 
used to obtain the experimental data.  Emphasis is placed on general procedures 
that are not routine 

 
 



Introduction (continued)
• You could mention how Rankine differs from some other power cycles 

and why it is preferred or how it works with combined heat and power. 

• More generally, give considerations for use of different devices or 
process configurations (at the end of the day engineers always pick 
an optimal configuration.) 

• What steam pressures are generated and why?  How does a turbine 
work?  (Why isentropic) 

• For all of these, you need to cite references. 

• We know you will not be writing something no one has thought of 
however: 

• all of the writing needs to be original to you!



Heat exchanger/pipe flow
• For the heat exchanger experiment, perhaps I would write something more specific: 

• …” To efficiently accomplish heat exchange, in almost all technologies, tradeoffs 
exist between the power to pump fluids through long, small passages and the need 
to minimize the volume or floor area of the heat exchanger”  

• For pipe flow, the same basic engineering (or physiological) optimization principle 
exists that… “while diameter must be increased to accommodate larger flow rates, 
there is an important tradeoff between the diameter of a pipe and the power to 
pump through an “operating cost— capital cost” optimization principle.”  

• The other “stock statement” that you could make in an introduction is the 
importance of verifying how well the device is working (to learn, in the case of these 
experiments, and to make sure you are not dumping tons of HCs into the air per 
minute, in the case of a refining process…) 

• with inside gained “after the fact”, you could “hint” at what you would be looking 
for to verify good operation.



“Theory”
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• Could start with a statement of the physical law(s) that are governing the process that you 
are studying. (e.g., momentum conservation, energy conservation, phase equilibrium, 
rate of approach to equilibrium…) 

• Then, look at the calculations necessary to turn your raw data into the points on the 
graphs or tables and explain how this fundamental principles supports the equations that 
you used.  

• Usually there are 2-3 main calculations and hence equations worthy of emphasis in 
the theory.  (sample calculations are in the appendix)  

• For, say the heat exchanger, the fundamental equation is (duh), conservation of energy! 

• You will want to state this and then show the equations that are used to implement 
this principle in your experiment, including how you get to statements of efficiency” or 
“heat losses” 

• The other principle is “Newton’s Law of Cooling”, which defines a heat transfer coefficient 
in terms of a flux and a temperature gradient.  This is the essential equation in design of a 
heat exchanger (how much transfer area is required) and central to the optimization 
principle mentioned above. 



Experiment
• See instructions 

• Apparatus 

• photo and digram is probably appropriate. 

• description of how it works and ranges of variables are 
appropriate 

• Procedure 

• Brief synopsis of the aspects of running the device that are 
not obvious or which are essential for getting good results



Water cooling tower



schematic of experiment
 | 7 G r o u p  R 1

 

Experimental 
Apparatus 

The main idea for this system is to simulate a cooling/humidification system in the form 

of a cooling tower. Figure 3 provides a schematic of the apparatus for this experiment. 

 

Figure 3. Computer-Linked Bench Top Cooling Tower Schematic 
 

The main component of the experimental apparatus is a computer linked bench top cooling tower 

(Serial No. HC891/01537 by P.A. Hilton Ltd.). A valve controls distilled water flow through the 

cooling tower. As water flows through the tower, the rate of mass transfer and evaporation rate 

change due to water and air flow rate. Water flow rate ranges from 19.8-36.5g/s. A centrifugal 

fan (Airflow Developments LTD. Type 52 BTXL) provides a maximum air flow of 0.06kg/s. Air 

flow rates range from 10-60.2g/s. The water to air mass flow rate ratio is maintained between 0.2 

and 2.7. A tank with heaters in the system allows for heating voltage loads of 0.5, 1.0 and 1.5 



Experimental technique matters!

 | 14 G r o u p  R 1
 

 
Figure 5. Ky as a function of water flow rate input for various powers. 

 

 
Figure 6. Percent Efficiency of the cooling tower as a function of L/G input.  
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It matters who is driving!
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Results

• Start with the graphs that you think are most 
important (or tables if necessary) 

• Fill in some prose to explain to the reader 
significant of what he or she is seeing.



Graphs 
• Readability is critical 

• Datum are single points 

• Never just draw a line through the data!  

• Data always come with a calculation of uncertainty 
(a.k.a error!) 

• Theory and correlations are “lines” 

• Where is “0”?



f



Uncertainty in measurements
• Uncertainty for individual data points usually is 

determined by “propagation of error”



Pipe flow “error”





Discussion

• Explain what you found out and why the 
behavior is such 

• “I”, as in the instructor, want to be able to tell if 
you learned the fundamentals of the 
experiment (we get another shot at the 
defense!)



Discussion
• You could state that the energy balance closed to within only 80% (at 

best) for the heat exchanger and was best at the highest flow rates 

• Tell why, was this because of bad insulation or that your 
thermocouples were accurate to only +/- 1 C and the “change” in T 
was 4 C. 

• You could note that there was +/- 20% scatter in the friction factor 
measurements or that these were consistently 20% low 

• explain why 

• If something works well, you can explain (fundamentally) why the trend 
is the way it is and note that possible experimental perils did not arise 

• A critical measurement could be and was done correctly! 



Conclusions



Abstract
• “stand alone” document -- you do this last! 

• Succinctly state the device/process/phenomenon being studied with enough 
quantitative information for an unconnected reader to understand what you did 
and what the experimental device looks like. 

• Give the analytical technique if it is important 

• Give range of parameters that were covered 

• State the results quantitatively while giving context, usually in comparison with 
literature values or correlations 

• Could give one comment on the “correctness” of your data 

• Could give one statement of significance of the results in a broader sense or 
suggest a better way to address the problem.



Abstract as first turned in

Abstract  

The purpose of this experiment is to determine the coefficient of 
performance of the vapor-compression cycle run on a PA-Hilton R633 
Refrigeration Cycle Demonstration Unit. This number is then compared 
to the ideal case, or Carnot coefficient of performance, and the power 
supply is used to calculate the rate of refrigeration. The path of the 
cycles for two systems are then drawn on both P-H and T-S diagrams, 
and a thermodynamic analysis table is constructed for each trial.  

Data is collected by varying the mass flow rates of water into the heat 
exchanger coils in both the condenser and the evaporator between 8 (± 
2.5) g/s and 35 (±2.5) g/s. For six different trials, the water mass flow 
rates, pressures in the condenser and the evaporator, power input into the 
compressor, and the temperature at eight thermocouples around the 
cycle were recorded and then used to calculate the COP for each trial, 
ideal COP, rate of refrigeration, mass flow rate of the refrigerant, and the 
power supplied to the compressor.  

The COPs for each trial ranged from 1.938 to 2.919, while the ideal 
COP ranged from 4.003 to 5.59. It was determined that when the water 
mass flow rates into the condenser and the evaporator were both set to 
high values (35 ± 2 g/s), the experimental COP was the closest to the 
ideal COP.  

	

Comment [MM1]: Never	start	with	this.		Start	with	what	
being	done	in	the	device.	

Comment [MM2]: This	is	basically	a	procedure,	not	results.	

Comment [MM3]: Should	be	plural.	

Comment [MM4]: Again,	procedure	

Comment [MM5]: Procedure	

Comment [MM6]: Too	many	sig	figs	

Comment [MM7]: This	paragraph,	at	least	is	results.	



Revised by students

Revised	by	students:	

	

The	ideal	and	experimental	coefficients	of	performance	(COP),	power	supply,	and	rate	

of	refrigeration	were	calculated	for	a	vapor-compression	cycle	run	on	a	PA-Hilton	R633	

Refrigeration	Cycle	Demonstration	Unit	(table	top	sized),	using	Solkane	SES36	as	the	refrigerant,	

by	varying	the	mass	flow	rates	of	water	into	the	heat	exchanger	coils	in	both	the	condenser	and	

the	evaporator	from	8	(±2.5)	g/s	to	35	(±2.5)	g/s.	

	 The	system	was	found	to	operate	best	at	a	flow	rate	of	35	(±2.5)	g/s	with	a	

corresponding	Thigh	in	the	compressor	of	68.3	(±	0.05)	°C,	Tlow	in	the	evaporator	of	18.1	(±	0.05)	

°C,	pressure	in	the	condenser	of	1.6	(±0.05)	bar,	and	pressure	in	the	evaporator	of	0.4	(±0.05)	

bar.	The	ideal	COP	for	this	condition	was	calculated	to	be	4.85,	while	the	actual	was	calculated	

to	be	2.92,	and	the	COP	calculated	with	the	actual	power	input	reading	(225	W)	was	1.56.	

	

Comment [MM1]: Now	in	1	sentence	we	have	what	was	
done,	the	fluid	that	was	used	and	range	of	operation	(all	

that	could	be	be	varied.)	

Comment [MM2]: The	results:		both	heat	exchangers	need	
to	be	maxed	with	cooling	water,	when	this	is	done	I	know	

the	cold	and	hot	temperatures	and	pressures.			

Comment [MM3]: This	sentence	tells	me	how	the	device	

compares	to	ideality	and	how	efficient	it	would	be	in	terms	

of	cooling	my	house	or	refrigerator	using	power	input	from	

the	wall.	



Some mjm edits

Revised	by	students	and	Professor	
	

The	ideal	and	experimental	coefficients	of	performance	(COP)	and	refrigeration	rates	
were	calculated	for	a	vapor-compression	cycle	run	on	a	PA-Hilton	R633	Refrigeration	Cycle	
Demonstration	Unit	(table-top	sized),	using	Solkane	SES36	as	the	refrigerant.		The	compressor	
runs	at	constant	speed	but	it	is	possible	to	vary	the	mass	flow	rates	of	water	into	the	heat	
exchanger	coils	in	both	the	condenser	and	the	evaporator	from	8	(±2.5)	g/s	to	35	(±2.5)	g/s.	The	
input	electrical	power	was	always	215	W	(+/-10).		The	cooling	provided	by	the	unit	ranged	from	
180W	to	350W	which	corresponds	to	external	COPs	of	.9	to	1.6.	The	system	was	found	to	
operate	best	at	a	flow	rate	of	35	(±2.5)	g/s	with	a	corresponding	Thigh	in	the	compressor	of	68.3	
(±	0.05)	°C,	Tlow	in	the	evaporator	of	18.1	(±	0.05)	°C,	pressure	in	the	condenser	of	1.6	(±0.05)	
bar,	and	pressure	in	the	evaporator	of	0.4	(±0.05)	bar.			
	 At	the	temperatures	of	the	evaporator	and	condenser,	the	Carnot,	Ideal	COP	values	of	
would	be	4-5.6.		The	cycle	calculations	using	the	enthalpy	values	were	about	½	of	these	values	
ranging	from	2	to	2.9.		The	very	low	external	COPs	were	were	caused	by	heat	exchangers	not	
providing	sufficient	cooling/heating	to	match	the	potential	refrigerant	cooling	power	of	the	
constant	circulation	speed	of	the	compressor.	
	

Deleted: :

Deleted: ,	power	supply,	

Deleted: rate	of	

Deleted: ,	

Deleted: by	v

Deleted: ing

Comment [MM1]: Now	in	1	sentence	we	have	what	was	
done,	the	fluid	that	was	used	and	range	of	operation	(all	
that	could	be	be	varied.)	

Moved (insertion) [1]

Comment [MM2]: The	results:		both	heat	exchangers	need	
to	be	maxed	with	cooling	water,	when	this	is	done	I	know	
the	cold	and	hot	temperatures	and	pressures.			

Moved up [1]: The	system	was	found	to	operate	best	at	a	
flow	rate	of	35	(±2.5)	g/s	with	a	corresponding	Thigh	in	the	
compressor	of	68.3	(±	0.05)	°C,	Tlow	in	the	evaporator	of	18.1	
(±	0.05)	°C,	pressure	in	the	condenser	of	1.6	(±0.05)	bar,	and	
pressure	in	the	evaporator	of	0.4	(±0.05)	bar.	

Deleted: The	system	was	found	to	operate	best	at	a	flow	
flow	rate	of	35	(±2.5)	g/s	with	a	corresponding	Thigh	in	the	
compressor	of	68.3	(±	0.05)	°C,	Tlow	in	the	evaporator	of	18.1	
(±	0.05)	°C,	pressure	in	the	condenser	of	1.6	(±0.05)	bar,	and	
pressure	in	the	evaporator	of	0.4	(±0.05)	bar.	The	ideal	COP	
for	this	condition	was	calculated	to	be	4.85,	while	the	actual	
was	calculated	to	be	2.92,	and	the	COP	calculated	with	the	
actual	power	input	reading	(225	W)	was	1.56.

Comment [MM5]: I	added	some	interpretation	of	the	
results	



First time through a thought

Well, it happened again, another topic that I mentioned many times in classes that 
seemed to need some attention by the medical procession, has received it.  Many times 
in the mass and energy balances class I have mentioned that I could not understand 
how drug dosing was done.  That is, the dose for adults for almost all drugs that I have 
seen prescriptions for, is the same -- be it one, two, three or 4 times per day.  I could not 
help but wonder how small women and really large men could need the same dose 
when a simple mass balance tells us that if it some systemic concentration of drug is 
needed for efficacy, then dose should scale roughly as weight.  If there is partitioning of 
the compound in different types of tissue (e.g., fat tissue which would be hydrophobic), 
then perhaps a more nuanced criterion is necessary.  However, in either case, all adults 
are not equal.  

Well, as reported by the New York Times (http://www.nytimes.com/2010/01/20/health/
26regimens.html?ref=health), a new paper in Lancet (http://www.thelancet.com/journals/
lancet/article/PIIS0140-6736(09)60743-1/fulltext ), has suggested the need to tailor 
doses of antibiotics to a personʼs size.  They note issues of problems with obese 
patients not getting enough drug to clear an infection and the secondary of under dosing 
contributing to antibiotic resistance of various bacteria.  There is an accompanying 
editorial (http://www.thelancet.com/journals/lancet/article/PIIS0140-6736(10)60073-6/
fulltext), which I can also not see (##!!) that suggests the need to study this issue.

Beyond the irresistible “duh”, this is actually a very interesting issue for chemical 
engineers.  The first is that there are good reasons to have FDA approved dosing rules.  
You would not want physicians to be “winging it” for every patient -- particularly if they 
could not solve the transient mass balance equation with simple elimination and 
reaction terms.  Further, it is critical that patients take the correct dosing.  So three small 
pills and one big pill, taken every 3 hours is probably problematic for most people 
(except engineers -- we can count and if you are a student you donʼt sleep!).  However, 
the question of will a particular condition respond better to a constant concentration or 
peaks and valleys would seem not to have a general answer.  Maybe two big doses, is 
better than 4 doses of 1/2 the size.  

Looking a bit further afield, we could consider how medicine is likely to progress and 
how chemical engineers will be involved.  Various “artificial pancreas” devices are in 
different stages of development.  Chemical engineering plays an essential role in 
glucose sensing, determination of the “control scheme” and materials necessary for 
construction.  The implantable drug delivery system, either permanent or temporary, 
idea could be extended to many more diseases with the essential advantage being 
feedback control.  Either the drug level could be controlled or the dose could be altered 
in response to levels of something that is a response to the disease such as a specific 
cytokine or a blood toxin.  

Cochlear implants have become a common and successful treatment to restore 
hearing.  Soon there will be vision devices.  This technology, which allows linking of 
electro and electromechanical devices, to nerves and other human tissue, could allow 
continuous blood pressure monitoring, heart rate analysis, or other medical measures 



IWell, it happened again, another topic that . I have mentioned many times in classes 
the mass and energy balance class that I could not understand how drug dosing is 
done.   that seemed to need someI suggested that this needed attention by the medical 
procession, has received it.  (as brazen as this seems!)  Many times in the mass and 
energy balances class I have mentioned that I could not understand how drug dosing 
was done.  That is, the dose for for all  adults, the dose s for almost all drugs that I have 
seen prescriptions for, is the same -- be it one, two, three or 4 times per day.  I could not 
help but wonder how small women and really large men couldwould need the same 
dose when a simple mass balance tells us that if it some systemic concentration of the 
drug is needed for efficacy, then dose should scale roughly as weight.  If there is 
partitioning of the compound in different types of tissue (e.g., fat tissue which would be 
hydrophobic), then perhaps a more nuanced criterion is necessary.  However, in either 
case, all adults are not equal. (despite the claim in the founding documents of the US!)  

Well, as reported by the New York Times (http://www.nytimes.com/2010/01/20/health/
26regimens.html?ref=health), a new paper in Lancet (http://www.thelancet.com/journals/
lancet/article/PIIS0140-6736(09)60743-1/fulltext ), has suggested the need to tailor 
doses of antibiotics to a personʼs size.  They note issues of problems with obese 
patients not getting enough drug to clear an infection and the secondary problem ofthat 
under dosing could be contributing to antibiotic resistance of various bacteria.  There is 
an accompanying editorial (http://www.thelancet.com/journals/lancet/article/
PIIS0140-6736(10)60073-6/fulltext), which I can also not see (##!!) that suggests the 
need to study this issue with careful trials.

Beyond the irresistible “duh”, this is actually a very interesting issue for chemical 
engineers.  The first is that there are good reasons to have FDA approved dosing rules.  
You would not want physicians to be “winging it” for every patient -- particularly if they 
could not solve the transient mass balance equation with simple elimination and 
reaction terms.  Further, it is critical that patients take the correct dosing.  So three small 
pills and one big pill, taken every 3 hours is probably problematic for most people 
(except engineers -- we can count and if you are a student you donʼt sleep!).  However, 
the question of  of will aif a particular condition willrespond better to a constant 
concentration or peaks and valleys would seem not to have a general answer.  Maybe 
two big doses, is better than 4four doses of 1/2 the size.  

Looking a bit further afield, we could consider how medicine is likely to progress and 
how chemical engineers will be involved.  Various “artificial pancreas” devices are in 
different stages of development.  Chemical engineering plays an essential role in 
glucose sensing, determination of the “control scheme” and materials necessary for 
construction.  The implantable drug delivery system, either permanent or temporary, 
idea could be extended to many more diseases with the essential advantage being 
feedback control.  Either the drug level could be controlled or the dose could be altered 
in response to levels of something that is a response to the disease such as a specific 
cytokine or a blood toxin.  



It happened again! I have mentioned many times in the mass and energy balance class 
that I could not understand how drug dosing is done.  I suggested that this needed 
attention by the medical procession (as brazen as this seems!)    That is,  the adult dose 
for almost all drugs, is the same -- be it one, two, three or 4 times per day.  I could not 
help but wonder how small women and really large men would need the same dose 
when a simple mass balance tells us that if it some systemic concentration of drug is 
needed for efficacy, then dose should scale roughly as weight.  If there is partitioning of 
the compound in different types of tissue (e.g., fat tissue which would be hydrophobic), 
then perhaps a more nuanced criterion is necessary.  However, in either case, all adults 
are not equal (despite the claim in the founding documents of the US!)  

Well, as reported by the New York Times (http://www.nytimes.com/2010/01/20/health/
26regimens.html?ref=health), a new paper in Lancet (http://www.thelancet.com/journals/
lancet/article/PIIS0140-6736(09)60743-1/fulltext ), has suggested the need to tailor 
doses of antibiotics to a personʼs size.  They note issues of problems with obese 
patients not getting enough drug to clear an infection and the secondary problem that 
underdosing could be contributing to antibiotic resistance of various bacteria.  There is 
an accompanying editorial (http://www.thelancet.com/journals/lancet/article/
PIIS0140-6736(10)60073-6/fulltext), which I can also not see (##!!) that suggests the 
need to study this issue with careful trials.

Beyond the irresistible “duh”, this is actually a very interesting issue for chemical 
engineers.  The first is that there are good reasons to have FDA approved dosing rules.  
You would not want physicians to be “winging it” for every patient -- particularly if they 
could not solve the transient mass balance equation with simple elimination and 
reaction terms.  Further, it is critical that patients take the correct dosing.  So three small 
pills and one big pill, taken every 3 hours is probably problematic for most people 
(except engineers -- we can count and if you are a student you donʼt sleep!).  However, 
the question of if a particular condition willrespond better to a constant concentration or 
peaks and valleys would seem not to have a general answer.  Maybe two big doses, is 
better than four doses of 1/2 the size.  

Looking a bit further afield, we could consider how medicine is likely to progress and 
how chemical engineers will be involved.  Various “artificial pancreas” devices are in 
different stages of development.  Chemical engineering plays an essential role in 
glucose sensing, determination of the “control scheme” and materials necessary for 
construction.  The implantable drug delivery system, either permanent or temporary, 
idea could be extended to many more diseases with the essential advantage being 
feedback control.  Either the drug level could be controlled or the dose could be altered 
in response to levels of something that is a response to the disease such as a specific 
cytokine or a blood toxin.  

Cochlear implants have become a common and successful treatment to restore 
hearing.  Soon there will be vision devices.  This technology, which allows linking of 
electronic and electromechanical devices, to nerves and other human tissue, could 
allow blood pressure monitoring, heart rate analysis, or other medical measures that 
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Vapor-Liquid Equilibrium of Carbon Dioxide in Aqueous Mixtures of 
Monoethanolamine and Methyldiethanolamine 

Fang-Yuan Jou ,  Frederick D. Otto, and Alan  E. Mather' 
Department of Chemical Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2G6 

Data for the distribution of carbon dioxide between the vapor and aqueous solutions of four mixtures 
of monoethanolamine (MEA) and methyldiethanolamine (MDEA) have been obtained at 25,40, 
80 and 120 "C over a range of pressures from 100 kPa to  20 MPa. Partial pressures of C02 ranged 
from 0.001 to  19 930 kPa. Enthalpies of reaction of COZ in the solutions have been calculated from 
the solubility data. 

Introduction 
Aqueous solutions of alkanolamines are used to separate 

carbon dioxide and hydrogen sulfide from gas streams. 
The acid gases are absorbed into the solution a t  lower 
temperatures and are desorbed from the solution by 
heating to higher temperatures. In this way a continuous 
process for the removal of the acid gases from gas streams 
results. Monoethanolamine (MEA) and diethanolamine 
(DEA) have been the most widely used alkanolamines in 
gas processing. Recently, the tertiary amine methyldi- 
ethanolamine (MDEA) has found increased use. It has 
the advantage that no carbamate is formed and the 
enthalpy of reaction is smaller than that of either MEA 
or DEA. Hence the cost of regeneration is lower. However, 
MDEA solutions react slowly with C02, and if bulk removal 
of carbon dioxide is desired, the result is a larger number 
of trays or an increased height of packing compared with 
MEA or DEA. 

Chakravarty et  al. (1985) proposed the use of a mixture 
of MEA and MDEA in aqueous solution to combine the 
desirable features of both amine solvents. Vickery et  al. 
(1988) and Campbell and Weiland (1989) discussed the 
use of amine blends (mixtures of MEA and MDEA in 
aqueous solution). Few data exist for such amine blends. 
Austgen et al. (1991) presented a model for mixed amine 
equilibria and data for the solability of CO2 in aqueous 
mixtures of MDEA with MEA and DEA. Glasscock et al. 
(1991) presented a comprehensive review of the rate and 
equilibrium behavior of mixed amines, together with 
experimental data. Shen and Li (1992) and Li and Shen 
(1992) reported solubility data for C02 in four mixtures 
of MDEA and MEA, the total amine concentration being 
30 wt 7% in all cases. Zhang et al. (1993) described the 
modeling of the acid gas removal process and compared 
their results with plant data. 

This work was undertaken to resolve some of the 
questions about the solubility data used for model 
development and provide data a t  low concentrations of 
MEA in the MEA/MDEA blend where the effect of the 
primary amine is most pronounced. 

Experimental Section 
The equipment and procedures used in the experiments 

are similar to those used in this laboratory in the past (Jou 
et al., 1982, 1994) and will be described briefly. The 
equilibrium cell is a Jerguson gauge. It is mounted in an 
air bath, together with a magnetic pump similar to that 
devised by Ruska et al. (1970). The pump serves to 
recirculate the vapor phase and bubble it through the liquid 

* To whom correspondence should be addressed. 

phase at  a rate of up to 100 mL/min. The temperature 
of the contents of the cell is measured to within 10.1 "C 
with a calibrated iron-constantan thermocouple, and the 
pressure in the cell is measured by digital Heise gauges. 
The error in the gauges was 0.1 % by dead-weight calibra- 
tion and 0.2 7% by comparison with the measured critical 
points of propane, carbon dioxide, and hydrogen sulfide 
(Braker and Mossman, 1980). 

Monoethanolamine (99+ 7% ) and methyldiethanolamine 
(99%) were obtained from the Aldrich Chemical Co. 
Carbon dioxide and nitrogen with a minimum purity of 
99.8% and 99.998%, respectively, were supplied by Linde. 
The solutions were prepared by weight using distilled 
water. About 100 cm3 of solution was allowed to enter the 
evacuated cell a t  room temperature. Carbon dioxide was 
added in amounts monitored by the pressure in the cell. 
If necessary, nitrogen was added to maintain the total 
pressure well above atmospheric pressure. When the vapor 
phase contained nitrogen, it was analyzed to determine 
the N&02 ratio using a chromatograph with a 3-m X 
3.175-mm Porapak QS column operated at  70 "C or 
Porapak S operated a t  100 "C. The response factor was 
1.17 for N2 and 1.00 for COz. In the presence of the amine 
solution, the overall uncertainty of the vapor pressure 
analysis is 3 % for C02 partial pressures above 10 Pa; below 
that it increases linearly to 30% at  1 Pa. 

Most of the analyses of the liquid phase were performed 
using a precipitation of the C02 as BaC03 and subsequent 
titration with standard 0.1 N HC1 solution. Dilution with 
1 or 2 M NaOH solution was required for a > 0.5 or pco2 
>lo00 kPa. Another analysis was performed using a 
chromatograph with a 1.63-m X 3.175-mm Chromosorb 
104 column and 22 mL/min helium flow. The thermal 
conductivity detector was set a t  250 "C. A 5-pL sample 
was injected into the gas chromatograph a t  300 "C. The 
actual amount of injection was obtained by weighing. 
Dilution of the sample with 30 wt  % diglycolamine (DGA) 
was required for a > 0.5 andpco, >lo00 kPa. The evolved 
C02 peak was compared with that of 100 pL of C02 a t  
barometric pressure and room temperature. The amines 
were then eluted at  250 "C. The retention time is 0.44 
rnin for C02, 1.04 rnin for H20, 3.5 rnin for 100 pL CO2 
standard, 8.2 min for MEA, 12.6 min for DGA, and 17.2 
min for MDEA. The number of moles versus area counts 
was used to construct a calibration c w e .  The linearity 
was established for CO2 and HzO > 1 X 1o-S mol with 
molar response factors of 1.00 for C02 and 1.71 for H20, 
which do not change with detector temperatures between 
150 and 300 "C and helium flow rates from 16 to 32 minl 
min. The a value was then calculated from the standard 
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Representing Vapor-Liquid Equilibrium for an Aqueous MEA-CO2

System Using the Electrolyte Nonrandom-Two-Liquid Model

Yunda Liu,* Luzheng Zhang, and Suphat Watanasiri

Aspen Technology, Inc., Ten Canal Park, Cambridge, Massachusetts 02141

Following the work of Austgen et al., the electrolyte nonrandom-two-liquid (NRTL) model was
applied in a thermodynamically consistent manner to represent the vapor-liquid equilibrium
(VLE) of the aqueous monoethanolamine (MEA)-CO2 system with rigorous chemical equilibrium
consideration. Special attention was given to the accurate VLE description of the system at
both absorbing and stripping conditions relevant to most aqueous MEA absorption/stripping
processes for CO2 removal. The influence from chemical equilibrium constants, Henry’s constant,
experimental data, and data regression on the representation of the VLE of the system was
discussed in detail. The equilibrium constant of the carbamate reversion reaction as well as
important interaction parameters of the electrolyte NRTL model were carefully fitted to
experimental data. A good agreement between the calculated values and the experimental data
was achieved. Moreover, the model with newly fitted parameters was successfully applied to
simulate three industrial cases for CO2 removal using a rate-based approach. The results from
this work were compared with those using the model by Austgen et al.

Introduction

Aqueous monoethanolamine (MEA) is widely used for
the removal of CO2 from gas streams. It has several
advantages over other commercial alkanolamines:

(a) It is the strongest base with the quickest reaction
rate, yielding the highest purity, which make it most
suitable for processing to-be-liquefied natural gas, syn-
thesis gas, and hydrogen stream, which require low CO2
leakage.
(b) It has the lowest molecular weight and thus the

highest absorbing capacity on a weight basis. Further-
more, its cost is low.
(c) It is very thermally stable and less likely to

undergo thermal degradation.
(d) It has a relatively low solubility for hydrocarbon

which reduces the hydrocarbon loss when processing the
natural gas and refinery gas streams.

The disadvantages of aqueous MEA include the
following:
(a) It has a high reaction heat with CO2 that leads to

higher stripping energy consumption.
(b) It is unable to remove mercaptans.
(c) It forms degradation products with COS, CS2, and

oxygen-bearing gases.
(d) It suffers more vaporization loss than other al-

kanolamines because of its higher vapor pressure.
(e) It is appreciably more corrosive than many other

alkanolamines.
In 1990, aqueous MEA comprised 40% of the market

(Dupart et al.2). Although its market share has de-
creased in recent years, it remains as one of the
principal acid gas absorbents with significant com-
mercial importance. There are still strong commercial
interests in minimizing equipment and operation costs
for aqueous MEA absorption/stripping processes for CO2
removal. Computer process simulation is an effective
means for optimizing the design and operation of the

CO2 removal process and for achieving a business
competitiveness.
A thermodynamic property model capable of accurate

representation of the vapor-liquid equilibrium (VLE)
of the aqueous MEA-CO2 system is essential for a
successful computer simulation of the process. In the
last few decades, considerable progress has been made
in modeling VLE of the acid gas (CO2 and H2S) in
aqueous alkanolamine systems, including the aqueous
MEA-CO2 system.
A practical and widely used model was proposed by

Kent and Eisenberg.3 This model is essentially the
Klyamer-Kolesnikova-Rodin model,4 assuming all ac-
tivity coefficients and fugacity coefficients as unity (ideal
liquid and vapor phases). The chemical reaction equi-
libria are defined in the liquid phase. The equilibrium
constants of the amine dissociation reaction and car-
bamate formation reaction are regressed based on the
experimental acid gas solubility data in the aqueous
amine systems. The Kent-Eisenberg model has some
deficiencies: the fit is good only in a limited loading
range, and its extension to the mixed acid gas is less
successful. However, the model has been popular among
practitioners because it correlates the experimental data
reasonably well while retaining extreme computational
simplicity.
A more rigorous and therefore more generally ap-

plicable model was proposed by Deshmukh and Mather.5
It uses the same chemical reactions in the liquid phase
as the Kent-Eisenberg model does, but instead of
assuming activity coefficients to be unity, these activity
coefficients, except for water, are calculated by an
extended expression of the Debye-Hückel theory pro-
posed by Guggenheim and Stokes.6 The activity coef-
ficient of water is still set as unity. The interaction
parameters in the Guggenheim-Stokes expression were
obtained from regression of experimental VLE data.
Weiland and co-workers7 provided the values of the
Guggenheim-Stokes interaction parameters for most
of the commercially important amine systems over a

* Corresponding author. Tel: 617-949 1201. Fax: 617-949
1030. E-mail: yunda_liu@aspentech.com.
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Modeling of CO Capture by Aqueous2
Monoethanolamine

Stefano Freguia and Gary T. Rochelle
Dept. of Chemical Engineering, The University of Texas at Austin, Austin, TX 78712

The process for CO remo®al from flue gases was modeled with RateFrac. It consists2
of an absorber, a stripper, and a cross heat exchanger. The sol®ent used in the model

( )contains about 30 wt % monoethanolamine MEA in water. MEA reacts with CO in2
the packed absorber. The finite reaction rate requires a kinetic characterization. The
RateFrac absorber model was integrated with a FORTRAN user kinetic subroutine to
make the model consistent with the interface pseudo-first-order model and with a re-
gressed Electrolyte-NRTL equilibrium model. It was adjusted with laboratory wetted
wall column data and field data from a commercial plant. Sensiti®ity analyses were
performed on process ®ariables to find operating conditions at low steam requirement.
Many ®ariables strongly affect the process performance, but an o®erall optimization
shows that there are no economical ways to reduce the steam requirements by more
than 10%. The reboiler duty can be reduced from that of a base case representing
current industrial operating conditions, by 5% if acids are added to the sol®ent, by 10%
if the absorber height is increased by 20%, and by 4% if the absorber is intercooled
with a duty of one-third of the reboiler duty. The power plant lost work is affected by
®arying stripper pressure, but not significantly, so any con®enient pressure can be chosen
to operate the stripper.

Introduction
The removal and sequestration of CO from combustion2

gases is an important technological alternative to address
global climate change. Absorptionrstripping with aqueous

Ž .monoethanolamine MEA has been commercially applied in
small plants for CO recovery. Aqueous MEA is an effective2
solvent for CO capture, but a system for 90% CO removal2 2
can reduce the efficiency of a power plant from 40% to 30%
Ž .IEA Greenhouse R&D Programme, 2002 .

The absorptionrstripping process is shown in Figure 1. Flue
gas contacts the aqueous solvent at 1 atm and 40!60"C, in a
countercurrent, packed absorber. Typical sources of flue gas
include gas-fired turbines, giving 3 mol % CO and coal-fired2
plants, giving 10!12% CO .2

One version of this process uses approximately 30 wt %
Ž .MEA; another uses 15!20 wt % MEA Liljedahl et al., 2001 .

Typically the lean solvent has a CO loading of 0.1!0.22
molrmol MEA, and the rich solvent has a loading of 0.4!0.5.

Correspondence concerning this article should be addressed to G. Rochelle.

The rich solvent is stripped by steam in a countercurrent,
reboiled column at 1.5!2 atm and 100!120"C to produce pure
CO . Heat is recovered from the hot lean solvent by cross-2
exchange with cold rich solvent. The lean solvent is typically
cooled further to approximately 40"C.

Integrated models for this process have been created; they
either use commercial software or language codes. TSWEET
has been used since the early 1980s for modeling of acid gas

Ž .removal Holmes et al., 1984 . Another software package in
use is AMSIM, which uses a rigorous nonequilibrium-stage

Ž . Ž .model Zhang et al., 1996 . Weiland and Dingman 2001 de-
veloped a program called ProTreat for the rate-based simula-
tion of columns. Along with commercial packages, programs
written in Fortran or Visual Basic have been developed. These
programs have the advantage of being specific for amine gas

Ž .treating. A model by Al-Baghli et al. 2001 uses this method.
This approach is usually slower, and presents challenges in
simulating the whole process.

The purpose of this work is to understand how the design
variables affect each other at the level of the whole process,
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CO2 Absorption Rate and Solubility in Monoethanolamine/Piperazine/Water
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ABSTRACT

The solubility and absorption rate of carbon dioxide into monoethanolamine/ piperazine/water
were measured in a wetted wall column at 40-60°C.  The total amine concentration was varied
from 1.0 M to 5.0 M with monoethanolamine blends containing 0 to 1.2 M piperazine.  CO2
solubility and solution speciation were simulated by nine equilibrium reactions. Two of the
equilibrium constants were adjusted to match literature data.  The rate of absorption was
predicted by the theory of diffusion with fast chemical reaction.  Piperazine at 24 mol% of the
total amine decreases CO2 equilibrium pressure by 50% and enhances CO2 absorption rate by
50% to 100%.  The CO2 enhancement factor decreases by an order of magnitude as loading
increases from 0 to 0.5 moles CO2/mole amine.

*Author to whom correspondence should be addressed

INTRODUCTION

Aqueous monoethanolamine (MEA) is widely used for removing carbon dioxide (CO2) from
natural gas streams and refinery process streams.  It is also used to remove CO2 from
combustion gases and may receive wide application for abatement of greenhouse gases. MEA is
a relative strong base with a fast reaction rate, yielding a low CO2 concentration.  A number of
investigators have studied the solubility (12, 15, 16, 23) and reaction kinetics (1, 7, 9, 11, 14) of
CO2 in aqueous MEA.
Even though MEA reacts relatively fast with CO2, the rate of absorption is still controlled by
reaction kinetics.  Typical absorber tray efficiency is less than 20%.   Piperazine (PZ) has been
studied as a promoter for methyldiethanolamine (MDEA) by Xu et al. (26, 27, 28) and Kaganoi
(13).  Bishnoi (5) has determined that the rate constant of PZ with CO2 is one order of
magnitude higher than that of MEA with CO2. Therefore a blend of MEA and PZ should absorb
CO2 faster than MEA alone.
The objective of this work is to quantify the effectiveness of PZ as a rate promoter in aqueous
MEA.  The solubility and absorption rate of CO2 in MEA/PZ/H2O have been measured in
loaded and lean solutions with a wetted wall column.  The results are compared with the
predictions of a simple vapor-liquid equilibrium model and a simple rate model.
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Pipe flow experiment abstract

Flow of water in 1/4, 1/2 in. (etc.) smooth pipes, a 1/2 in. rough pipe and a bed packed with 3 
mm spheres, over Reynolds number ranges of 100-20000 was studied with the goal of verifying 
the laminar and turbulent relations between friction factor and Reynolds numbers (Re).  In 
addition, pressure drops across an orifice, a vVenturi, a gate valve and a globe valve were also 
measured to determine if the the losses follow the expected velocity-squared behavior.  Laminar 
flow occurred only in the 1/4 in,. pipe and only 4 data points obtained.  These friction factors 
were consistently 20% high, but the trend was consistent (within experimental error) with the 
expected inverse reaction with Re.  The friction factor data for turbulent flow did not collapse 
onto a single relation with the data from the smaller pipes (1/4, 3/8 in) being 15% above the 
Blassius relation and the largest pipe (3/4 in) about 10% below.  However the variation with 
Reynolds number agreed with the -.25 power of Reynolds number.  For the packed bed, only 
the laminar region was accessible; the friction factor data displayed the expected inverse 
relation with Reynolds number but the numerical values were 30% high.  AFor all of the fittings 
showed good agreement with the pressure varyinged with the square of the velocity.  As 
expected, the coefficient for the Venturi was close to one (.98); the value for the orifice (for 
which the area ratio was 0.7), was 0.6, also consistent with expected values. 
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