ChE 306 Group Heat Exchanger Project
Fall 2010
11-03 (WEDNESDAY): Select team of 1 or 2 or 3
11-05 (FRIDAY): Teams will be e-mailed process fluid information by 5:00 pm
11-08 (MONDAY): We will discuss this hand-out in class
11-15 & 11-19 (Mon & Fri): Project Q&A during class
11-22 (MONDAY): Reports due in class (or electronic submission is OK)
(score is 10 % of course grade)

For each TEAM:

(1) Design 4 heat exchangers for the Bama Chemical Company using the Heat Exchanger software
distributed in class, with your team's given fluids (software and fluid info will be sent by e-mail), &
(2) Retrofit these 4 heat exchangers to minimize the use of utility fluids for heating and cooling in

the plant. {This will entail using the hot and cold process streams to exchange heat with each other,
and using minimal utility fluids}.

SOFTWARE: HEAT EXCHANGER is a very simple package for estimating heat transfer and fluid
outlet temperatures based on heat exchanger design, fluid properties and flow rates. An older
version is available on computers in Houser. I will send copies of the latest version via e-mail. The
software is compatible with recent versions of Windows (I am uncertain if it runs on Macs). You’ll
need to unzip the file, then click set-up to install the software (it’s a fairly small file). A sample
print-out from the software package is included in this handout.

For heating and cooling purposes, you have unlimited supplies of the following utility fluids:
Sea Water at 200 °F
Mobiltherm 600 at 302 °F
Freon 12 at - 40 °F
Sea Water at 40 °F

Use appropriate fouling factors for the seawater or refrigerating liquids (Freon), or assume clean
pipes for the oil. (Table 11.1, p. 674)

Constraints:

UTILITY FLUID COSTS (OPERATING COSTS):

Heating Fluids: Mobiltherm 600 heat transfer fluid at 302 °F is $0.52/2000-1b and hot water at 200
°F is $0.30/2000-1b.

Cooling Fluids: Seawater at 40 °F costs $0.23/2000-1b and Freon-12 at -40 °F costs $0.65/2000-Ib.

EQUIPMENT COSTS (CAPITAL COSTS)
Shell & Tube Heat Exchangers: $6500 per 100 square feet of effective surface area
Concentric Tube (Double Pipe) Heat Exchangers: $2200 per 100 square feet effective surface area

PRESSURE DROP & TYPES OF HEAT EXCHANGERS: All fluids are at 100 psi entering.
Max. allowable pressure drop across any shell and tube heat exchanger (shell or tube side) is 25 psi.
At least one heat exchanger must be concentric tube (max. allowable pressure drop = 75 psi).

Fluid properties:

Fluid properties are for every fluid that may be assigned as part of this assignment are included in
this handout (at the back). Please note that some properties are in SI units and others are English.
You can also use any data table of physical properties (e.g. Appendices A5-A6 in the 306 textbook).



Part (1): Design

The objective is to maximize heat transfer while trying to minimize the total cost to Bama
Chemical. Here, you may play with any of the variables in constructing the 4 heat exchangers that
will (hopefully) minimize the operating costs (use of utility fluids). One of the exchangers must be a
concentric tube heat exchanger.

Include a print-out of the software results for the 4 heat exchangers (or submit the electronic file),
and find the total usage rate for each utility fluid, and total cost for capital and utility costs for 10
years. Report your cost as 10-year cost, which will be the total of the heat exchanger purchase price
plus the cost of utility fluids for running the exchanger 24 hours a day for 10 years.

Part (2): Retrofit, use the same 4 heat exchangers that you designed in part (1), but use the
process fluids themselves as the heating and cooling sources. You can split streams as needed to get
the mass flow rates needed in the heat exchangers, and calculate a new temperature for the streams
after they are re-mixed (see HW 7, problem 8 for an example). (using m; c¢p1 (T3-T1) = my cpo (T2-T3)
to get m3 = m; + m, exiting at temperature T3). You may be able to reduce the total number of
exchangers to as little as 2, but you will probably still need the other heat exchangers, as well as
SOME heating and cooling using the sea water/oil/Freon to reach the desired outlet temperatures.

If necessary, you can design one additional heat exchanger to get all 4 fluids to their final desired
temperatures. You may still use the utility hot and cold fluids for heating and cooling, but the
objective is to minimize costs due to external heating and cooling sources.

Sketch the flow pattern (process flow diagram- you can use Powerpoint for a basic diagram) used in
the retrofit process. What is the reduction in use of each utility fluid? Compare the 10-year costs of
utility fluids for the original design vs. the retrofit. How much money could be saved? Was there
any difference in selecting fluids for shell or tube side?

A process flow diagram such as the one below can be done in powerpoint (or MS word), or you can
neatly sketch the PFD by hand.
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Ethylene Glycol (tubeside)
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PUTTING TOGETHER YOUR REPORT
The report should have the following sections. Please staple your report when turning it in.

I. Cover page with an executive summary. (1 paragraph summary of the report, including your
findings on design vs. retrofit cost, include team members on cover)

I1. General Heat Exchanger Design (~ 1 page)
Discuss the effect of design parameters on heat transfer- how would you optimize heat
transfer for a given situation?

Discuss how the following variables impact heat transfer: (Do any problems arise that
constrict the range of numbers you can choose)
shell & tube vs. concentric tube? baffle spacing/pitch?

material of construction? which fluids are tube-side and shell-side?
the flow rates of utility fluids? tube pitch?
tube diameter? # of tubes?

shell inner diameter (the software calculates this as how much bigger is the shell than
the tube bundle, so a shell diameter of 0 inches may be possible)?

Discuss which utility fluids to would be best to use? What if you could use saturated steam
instead of hot engine oil or water as the heating fluid, would you expect to require higher or
lower mass flow rates of utility fluid?

I11. Project Goals/Heat Load Calculations (~ 1 paragraph)
Summarize the requirements your team has for heating/cooling 4 fluids. Include a table
listing fluid, flow rate, inlet & outlet temperature and rate of change of internal energy
(English units)

1V. Design of your 4 Heat Exchangers (~1-2 pages, plus 4-8 pgs for diagrams/software printouts)
Discuss your team’s decisions on how to design the 4 heat exchangers for the 4 fluids.
How did you decide which fluid should be in the concentric tube exchanger?
What parameters did you try to optimize in the “Results” section from the software?
Include a diagram showing each heat exchanger and listing the flowrates of the two fluids
entering each exchanger and the inlet/outlet temperatures. Indicate which fluid is shell-side
(annulus) or tube-side. Include software printouts from the 4 exchangers you designed.

V. Retrofit Layout (~1 page, plus 5-6 pages for diagrams/software printouts).
Discuss how you matched process streams from the design portion to reduce your use of
utility fluids. Did you have to design a new heat exchanger? If so, why?
Include a process flow diagram to show the flow of all process and utility fluids, which heat
exchanger is which (i.e., Design#1), flow rates, temperatures, and shell/tube side fluids.

V1. Cost Comparison (<1 page)
Calculate the capital costs of the equipment bought for the 4 designed heat exchangers.
Tabulate the operating costs (utility fluids) for all 4 heat exchangers in the design portion
over a 10 year period. Calculate the total 10-year operating costs for the utility fluids in the
retrofit portion. What are the 10-year savings that can be realized by the retrofit layout?



GRADING SHEET FOR 306 GROUP PROJECTS

1. DESIGN PORTION

A. Diagram of Exchangers (10 pts)

Include a schematic of the process- doesn’t have to be a formal process flow diagram, but
draw out each exchanger to show which fluids are used as utility fluids, and which fluids are
shell-side and tube-side (or inner and annular flow for the concentric tube exchanger).

Show mass flow rates and temperatures at the inlet and outlets.

B. Heat Load Calculations (5 pts)

Determine the requirements for heating/cooling for each stream and present in a table. (AU)

C. Answers to Questions & Discussion of Your Design (25 pts)

Discuss each of the questions on page 2 (qualitative answers are fine). Discuss the designs
chosen for your 4 heat exchangers.

D. Exchanger Specification (10 pts)

Include print-outs of the software calculations for each exchanger.

2. RETROFIT PORTION

A. Redesign of Process Layout (15 pts)

How are the streams redistributed to minimize the use of heating and cooling utility
fluids? Draw the new schematic/flow diagram, indicating inlet and outlet temperatures,
tube-side/shell-side fluids, and flowrates.

B. Discussion (10 pts)
Discuss your methodology in redesigning flow pattern in the heat exchangers. Answer the
questions on page 2 of this handout.

C. Exchanger Specification (5 pts)
Include print-outs of the software calculations for each exchanger.

3. COST ANALYSIS (20 pts)

Determine the cost of purchasing the 4 heat exchangers (capital cost) and the cost of using
utility fluids (operating cost) for 10 years. Tabulate the utility fluids with their required
flow rates and operating cost for both the design & retrofit. Compare your total operating

costs and determine the money saved over 10 years using the retrofit layout.

4. CLARITY OF REPORT (5 pts)

Make it easy to read & clear (typewritten- you can hand-draw the flow diagrams, if done
neatly).



Answers to some guestions RE: Heat Exchanger Project:

Q1. How should the SEA WATER be treated as a utility fluid?

Assume that most of the salt has been filtered out by the time it reaches the heat exchanger,
so that the properties of regular water will be adequate. (A really good thing about using water is
that the properties are built in to the software, so you can just choose water from the drop-down
menu.) The only important aspect of SEA WATER is that you should use a fouling factor
appropriate for sea water.

Q2. The software prints out with a bad format sometimes.

This shouldn’t be a problem with the software I e-mailed out, but the software on the
campus computers is an older version. As long as most of the sheet is readable, I have no problem
with turning in the print-outs that may be a little off. If you have serious problems printing, then you
can submit the software heat exchanger designs electronically, by SAVING the designs you choose,
and attaching them to an e-mail to me when you turn in the rest of the report. (It’s also OK to
submit the entire report electronically). A sample report (1 page) is shown following these FAQs.

Q3. What temperature should utility fluid streams be looked up at? Tmean?

While you are adjusting parameters to determine a design for the heat exchangers, choose a
temperature somewhat above or below the inlet temperature (accounting for the fluid heating or
cooling inside the exchanger), and stick with that (the properties of most fluids won’t change too
much over the temperature ranges in the project). When you get to a final design, you’ll have a
better idea of what T mean is for the utility fluids and can re-calculate the fluid properties. Of
course, if you use water, and select it in the drop-down menu, the software will calculate properties
for you.

Q4. What pressure should be used for the inlet streams for the process & utility fluids?

Use 100 psia. This is high enough to see if there will be a > 25 psi or > 75 psi pressure drop
inside the exchanger. Since all of the fluids are LIQUIDS, the pressure will have essentially no
impact on fluid properties. If you are getting a large pressure drop, recall what you’ve learned in
ChE 304. Try pipes with larger diameters, more tubes, shorter lengths, wider baffle or tube pitches,
etc. Of course you are always trying to balance a reasonable pressure drop with a high Reynolds
number, so there is some tension between ChE 306 (high velocities, high Re, high h) and ChE 304
(high velocities, big pressure drop).

Q5. What should be used for tube gauge?

This is part of “playing” with the software. Tube gauge refers to the thickness metal wall of
the tubes, and is one of the important resistance variables in the equation for UA. Does this choice
affect heat transfer much? That’s for the write-up.

Q6. What about the selection of number of tubes, length of tubes, etc.?

This is also part of “playing” with the software, but these variables affect fluid flow (think
Reynold’s number), as well as pressure drop, as well as what the total surface area for heat transfer
are. So- while there’s not a “correct” answer, you can work with the program to determine what
might be a better design than others.



Q7. What value should be optimum for effectiveness?

Not 1! If a heat exchanger is 100% effective, then it is delivering qmax. While this may sound
good, this means that a heat exchanger is over-designed, and has far too much area (and likely
requires a large number of NTUs). This will come into play when you determine the cost of the
exchangers (which is based on the total surface area).

Q8. What should the value of U be?

Obviously, the higher the better. Think about what you’ve learned in class that can affect the
variables that make up UA. How do you increase k, h;, h,, etc.? There is no set number, but typical
ranges of U are listed in our book (water-to-water, 850-1700 W/m*-K)

Q9. Some fluids don’t work as a tube-side fluid (likely glycerin or ethylene glycol). What should
we do?

While in reality, these can go on the tube-side, the software package that we are using is
fairly simple, and relies on some of the correlations that we’ve seen in our book to determine h
values. This means that for some fluids, the correlations have a minimum or maximum viscosity or
other fluid property that may give problems for some fluids. In these cases, use the process fluid
(glycerin, etc.) as the shell-side fluid.

Q10. The shell diameter seems to have little impact on the answers or shell-side pressure drop.

This is one variable that I am not sure how it is incorporated into the software. It seems to
me that the software’s shell diameter must refer to how much bigger the shell is than the tube
bundle. (The software works fine for the double pipe exchangers). So you can choose a shell
diameter of 1 inch, and still get a good result.

QI11. I’'m uncertain what you mean about the retrofit part of the project.

This will be worked similar to problem 8 on Homework set #7, in that the fluids may be split
to bypass the heat exchanger, then re-combined. The objective is to get rid of as much of the utility
fluids as possible. I’ll discuss & answer more questions in class.

Q12. Freon-12 didn’t work as a concentric tube fluid.

Similar to #9, some fluids fall out of the range of the correlations that are programmed into
the software. Try it in a different exchanger, or in the annulus of the concentric tube exchanger, if it
gives errors.

Q13. What is 25% Cut Shellside Pressure Loss?

The 25% cut refers to how the baffles are cut. A 100 % cut would mean that there were no
baffles (think of a disc-shaped sheet- a 50% cut would be a perfect semicircle). So 25% cut means
that the top 25 % of the baffle is open for fluid flow. This number is not a variable in the software
package, but 25% is a common value. The smaller the cut, the less room there is for the shell-side
fluid to pass through.

Q14. An error “Prandtl Number not in range” keeps popping up.

Check your fluid properties. Glycerin might be the only fluid where this might be a problem.
Please note the units on the handout (the English units)- they are not all the same as what must be
entered into the software.



Q15. For which fluids do we need to use a fouling factor?
You can assume all of the process fluids are “clean” and F = 0. The only fluids where you need to
use a fouling factor for this project is the hot or cold sea water (utility fluid).

Q16. The software asks for new fluid properties to be entered at a new temperature for some of the
fluids when calculating results.

This happens because the software is estimating what the outlet temperature of the fluid will be and
is giving you a chance to enter a more accurate value for viscosity, etc. Since all of your process
fluids have a known mean temperature in the design (you are given T in & T out)... you don’t need
to change the properties- just find them at Tmean for each of your fluids. If you are using water, the
software has those properties built-in, so it will update the properties as needed. For the other utility
fluids (oil and freon) or when you are doing a retrofit, it may make a small difference if you enter
new numbers based on a new mean temperature, but it will likely be small (most groups have fluids
where dT is less than 100 °F in most cases).



SAMPLE PRINT-OUT FROM HEAT EXCHANGER SOFTWARE
Top portion: INPUT DATA
Bottom portion: RESULTS

Thermal Analysis Systems Company

Shell &Tube Heat Exchanger

Shell & Multi Tube Heat Exchanger
Project. Hetro-1
System: EG-W
Date/Time: April 17, 2001/02:36

Input

Tubeside Fluid Properties

Shellside Fluid Properties

l

! Flud:  Ethylene Giycol | Flud:  Water
: Specitic Heat, Blulb-F:  0.5850 ! Specilic Heat, Blwb-F*  1.0180
i Density, lofoudic 65.070 : Density, Ibfcuft,  B0.B7R
| Viscosity, lbminr-ft  24.8040 i Viscasity, lbemihe-ft 0.9081
Conductivity, Buwhr-tt-F: - 0,1480 | Conductivity, Biuhr-H-F: 03854
Fiow, lofhr:  5,952.42 ' Flow, Ib/hr:  4,250.0

Iniet Temp, F: 95.0 | Inlet Termp, F: 187.0

Fressure, psia:  14.7 1' Prazsure, psia;  MiA

Tube Outer Diamater, in: 0.2
Tube Fasses per Snell: 2

Canstruction

Shell Inner Diameter, in: 18.0
Shellside Passes, each Shell; 1

Tube Counl, each Tuba Pass: 300 Baffle Fitch. ine 0.5
Tube Length per Pass, in: 120.0 Tube Pitch, in: 0.5
dMumber of Shells: 1 Tube Pitch, Triangular
Flow Arrangemeant:  One Shell, Even Mumber of Passes
Material:  70-30 CU-NI Zauga (Thickness, in): 18 (0.049)
Fouling Faclors, hr-2f-R/Blu  Tubeside:  0.0003 Sheliside;  0.0301

Hesults

Coefficients

Tubeside Velocity, fps: 1.4082 Shaliside Velocity, fps:  0.5171
Tubeside Heynolds Mumber: 11934 Shellside Reynalds Mumber:  12154.68

Tubaside Prandtl Mumber: 89,7866 Shellzide Prandil Mumber: 23538

Tubeside Mussail Number.  4.2298 Shelleide Musselt Numbar:  B4.8473
Tubeside Film Coeff, Biwhisit/F: 72649 Shellside Film Coetf, Bhwhr/stiF:  338.13

Final Temperaturas & Heat Transferred

Exit Tuhaside Temperatura, F:  140.8 Clean Cwerall U, Btuw/hefsf/F: 358823

Exit Sheilside Temperature, F: 130 Design Owerall U, BtuhesfiF: 34,2383
Heat Transferred, mmBtumr;  §.1587 Me. of Transfer Units, (uafwemin): 30881

Tubeside Pressure Loss, psi:  1.788% Cap Ratig, (weminfwemax); 080885
25% Cut Sheliside Press Loss, psi:  1.9511 Effectiveness:  0.63E8
Effective Surface, sgfit 31416

I



o FLUID PROPERTIES
Heat Transfer Fluids
TABLE 23 Mabiltherm 500

Coefficient
of Thermal Specific Thermal Thermal Absolute Kinematic
Density, Expansion, Heat, Cenductivity, [Hffusi'.litg, Viscosity, Viscosi Prandtl 98 _E
Temperature, "] a= 10? [ k o x 107 TR | [T | Humber, Rk
T {kg/m?) (1/%) {3/kg K} (Wim K) {m?fs) (M gfm¥) {m ) Pr (17K m¥)
* 6,243 ¥ 10?7 = 0.5566 = 2,388 x 107° x 0.5777 ® 3874 ® 10° = 06720 = 3.874 x 10° ® 1573 x 1
FOK "C = (b)) = (U/R) = (Buflb, ) = (Bu/hfCF) = (fUR) = (ba/fts) = (M) = (R #')
50 A3 10 453 0,621 1549 0,123 LEE]
122 123 50 e F 0437 1680 Q.120 T84 30.28 32.60 G248 LR}
12 3r3 100 D% 0.5658 1859 0.118 E04 5.48 £.10 87.89 173
302 423 150 aro 0680 2031 0.113 &40 204 .34 36.6 1218
392 471 200 B3g 0705 2e09 2,111 50% 105 L.25 21.0 G420
482 523 250 R1D 0730 2185 0.106 545 0.64 0.7490 14.5 11,470
Source: B L. Geiringer, Hondbook of Heot ?-'rnn.s_fer Metlin, Krieger, New York, i';l?i‘.
TABLE 17  Unused engine oil
Coefficient
of Thermal Specitic Thermal Thermal Absolute Kinematic af
Density, Expansion, Heat, Conductivity, Diffusi Viscosi Wiscosity, Prandtl e
Temperatura, ” o= 10? [ k oo 107 T L] rx 1 Humber, v
r (ikg/m?) (1/K) {3/%g K) (W/m K) (m?/s) (N s/m?) (m/s) e (1/K m’)
¥ 6,243 % 107% x 05556 x 2388 x 107°  x 05777 x 3.874 X 10°  x0.6720 % 3.874 x 10° ® 1,573 = 1072
°F K °C = {lbn/ft") = (1R} = (Btu/lby °F) = (Btw/hft °F) = (K¥h) = (lbyfts) = (fifh) = (1R fit))
EERFTE R £99.1 1796 0.147 911 EL-L] 4280 471
68 263 20 5A8.2 0.648 1E80 0.145 ErZ 799 200 104 785 = 100
1 3713 40 E16.1 0.691 1964 0.144 B34 210 240 BT 1.18 = 10*
140 333 6D &hd.0 a.697 2047 0,140 BOO 2.5 839 10.5 9.7z % 10°
17 353 Al a52.0 Q.704 an 0.138 85 320 3rs £.90 401 % 10F
212 373 100 40,0 0.684 221% 0.137 FEL) 171 0.3 2.78 163 3 0’
268 303 120 a29.0 Q.697 230 0,135 0 10.3 12.4 1.75 4.6 % 107
204 413 140 B16.9 0,706 2395 0.133 686 .54 8.0 1.6 1.08 = 10
320 433 160 BOS.9 2481 0,132 &3 4.51 5.5 .84 -
Source: E. R G. Eckert and R, M, Drake, Amplyiis of Waot arnd Mass Tramsfer, McGraw-Hill. New York, 1972, -



Tanie A5 Thermophysical Properties of Saturated Fluids"

r - =S
Saturated Ligquids

T P € IR (1 w10 k1P o - 10 B0
(K} (kg/m™  (kMkg- K) (N - sfm’) (m?fs) (Wim - K) (mfs) Pr K™Y
Engine il (Unused)

273 8941 1.796 345 4230 147 0910 47,000 070
280 5953 1827 217 2430 144 0.880 27,500 0.0
240 0.0 168 bR 1120 145 0.872 12,500 00
30 244, 1,909 a8 6 550 145 0.859 6400 070
310 8779 1.951 253 288 145 %47 1400 0,70
320 8718 1,993 14.1 161 143 0.823 165 0.70
330 865 8 2.035 8.36 06,6 141 0L500 1205 (170
340 859.0 2076 531 1.7 139 0.779 T3 0.70
350 R334 2118 356 41,7 138 0L.763 546 0,70
360 RAT.B 2161 2.52 29.7 13% 0753 305 0.70
370 B41.B 2.206 1.86 220 137 0,738 300 0.70
350 B16.0 2,250 141 169 136 0.723 233 0.70
300 LRIIE 2204 1.10 13.3 135 .70 187 0,710
40 8231 2337 0.874 10.6 134 0.695 152 0.70
410 HEL 2,381 0698 8.52 133 0.682 125 0.70
420 B12.1 2427 0.564 6.04 133 0675 103 0.70
430 #06.5 2471 0.470 5.83 132 0,662 58 0.70
Ethylene Glyeal [CH 00 H],]

273 1130.8 2204 6.51 57.6 242 0,933 617 (.65
280 1125.8 21323 420 373 244 0,933 400 0.65
2400 11185 2368 2,47 2.1 248 0.936 236 (.63
300 1114.4 2415 1.57 14.1 252 0,938 151 0.65
310 1103.7 2.460 L7 9.65 255 0,939 103 065
320 10962 2508 0,757 £.91 258 0,940 735 .63
330 10895 2549 0.561 5.15 260 0.936 55.0 0.63
340 1083.8 2.592 0.41 198 261 0.928 42.8 0.85
350 1079.0 2637 0.342 117 261 0917 46 0.65
360 1074.0 2,682 0.278 1.59 261 0.906 26.6 0.65
370 1066.7 1728 0.228 2.14 62 Q00 237 0.65
373 1058.5 2.742 0,215 2.03 263 0.906 224 (.65
Glycerin [C,Hy(0H),]

273 1276.0 2.261 1060 8310 K2 0977 BS000 047
2B 1271.9 2.208 534 4200 254 14972 43,2060 0.47
290 1265.8 2.367 185 1460 186 0955 15300 .48
M 12599 240 9.9 634 2RA 01.935 HTRN .48
310 1253.9 2.490 352 231 %6 0.916 3060 0.49
30 12472 2.564 21.0 163 287 0897 1870 0.50



Appendix |

_'-_'—-—\_____- — h l—n._'\_“_i_-__-_‘_-
T" B ! [ ax L-'a!{i{l’ k e x 10° A= 10 .?'ﬁ.“l'r#:"! It
Et{___ﬂi._ﬂf_l;l__m_mﬂbh Fl (T secl  (fisea) {Brwhr fr gy (I=/hr) Pr (17F) [1FF 1 £3
Watar —
—_— B
32 g2g 1.61 1.20 193 0319 506 137 _pae T
60 623 1.00 0.760 172 0.340 545 8w 0.800 7.2
80 61 0.959 0.578 0.928 0.353 5.67 5.49 1.0 483
100 624 0,999 0.458 0.736 0364 557 4.51 1.80 W
150 63 1,00 0.290 0.474 0.383 6.26 72 80 403
W0 60 101 0.206 0.342 0.392 BAG 1.5 3.70 1010
250 09 102 0.160 0272 0.395 660 140 470 2as
00 573 .63 0.130 0237 0.395 670 g3 560 3510
400 538 1.08 0.0930 0174 0.352 6.58 0.950 - 8150
560 490 118 06700 0.143 0345 S8 nase g 17350
600 4z 1.51 0.0579 0.137 0.293 438 1oy ek W 300
T R A PN X 10° k ERE I 286 % 1g-o
[H) Eﬂfm_]__ kg - K [Pa-s) (mts) {Wim - K {m¥s) Br (VK - mb)
Weatar _-_-_-_-_-_-_-_'_'_'_‘—-—-
3 o093 4126 1794 1795 0558 Qi gap
293 998.2 4182 993 0995 0.557 .43 6.95 2035
313 9523 4175 658 0653 0.833 0.153 433 LEEE
313 T332 4181 472 480 0658 0.160 3.00 95
353 9718 4194 352 0.352 0673 0.165 257 46,68
373 D584 421 I7g Do n.542 L.I6g 172 B5.00
473 8625 4501 139 0.161 0.665 0.171 .04 5172
573 7128 J604 923 0.13g 0564 0.138 0.93 1766.0
T o O PP [ T [ i k - Iﬂjm
F} bt (Brafh, "F) (lb /it sec) (frses] (Btuhr fi °F) (ft'fhe) Pr {1/Fy [LPF £
Aniline -
—_—
a0 640 (] k] 877 101 .29 2.3
k0 535 .das 240 378 0,100 125 418
100 &30 40 130 256 0100 3.24 3l3 0435 Ir7
150 al.g 0503 160 1.62 0.0980 il& 18,4
200 &0.2 0515 62 o3 0.0962 .10 120
250 389 0.327 42 0.714 0.0947 305 844
300 37.5 054} ] 0322 0.0931 .99 .23
S —
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T fe & T ||:F v 0 k o ¥ llJJ EE.lDJ gﬁ,_-.!.rﬁﬁlﬂ"
9 (b " (Boulb,"F)  (bgfftsech (Ysec) (B t°F) (60 Fr {1FE) (LFE &4
Ammonds
-5l 43.9 1.07 G TS 0316 6,74 252 .94 i1
—10 41.7 Lo 18.2 0.426 0317 6.53 Pile ¢ 1.02 265
] 413 108 169 0,409 0315 706 208 1.1 467
a0 400 1.1l 15.2 040z 0312 1.05 2.05 1.19 57
&0 1] 114 150 0391 0.304 6.92 203 13 11%)
& 7.5 1.1 142 03T 0256 6,79 .01 L4 1E50
100 364 118 135 0368 0,257 .62 2400 LS 2400
120 353 1.22 128 N.356 0.273 643 2.00 1.65 313
¥ & g 10 p % 107 ke ¥ 10 Ax 10 gBgfal %07
CF b (Brwlb, F) (bofitsec)  (RUsec) (B it °F) [f i) Fr ( 1/F) (1PF
T Freon-12
- 40 64,5 0202 125 132 10,0650 340 14.0 610 168
-0 1.5 0.20d 123 1.32 L0640 3135 14.1 o a0 17
] a0.9 0212 116 128 0.0578 3.00 154 [1.4 213
i 374 0,221 103 124 (.0364 141 15.3 131 2
i Ba.0 0250 4.5 118 0.0528 T4 15.0 14.9 341
&0 203 0238 0.0 1.16 0.0504 .40 16.0 160 384
100 787 [.246 884 142 [.0480 1.45 163 172 ]
150 710 D2ty 74.8 1.05 (.02 218 17,4 19.5 f18
T P 5 pxF wx 10 k o % Bx 10" gBpiatw 10t
[*F) il i) (Buib, vEy [Lb Rt sech idrses) (B fU°F) {fthe) Pr [1*F} NrF- it
s-Butyl Alcohol
60 505 .53 115 446 0,100 159 44,6
20 50.0 0.53 180 3.60 0.098 34l 150 0,25 623
100 48.5 061 130 261 .098 223 29.1 n4z 2,02
150 485 6% 64 L4t 0098 287 171
T P f;r pX ¢ wx 10’ k & X 107 gx10°  gBiud % 107¢
CE) (b  (Buifib, "F)  (baT sec) (Uec) (BuichF (8o Prx 07 (IF) [1FF- i
Benzens
&0 552 0.395 4.5 0804 00858 395 7.39
L f.4t0 31 0,695 00836 173 6.70 75 498
op 536 0.420 33 013 nosL4 3.61 613 12 500
150 s1.8 0.450 245 0473 00762 3,27 521 A.B 950
2010 45.9 0,480 194 0.390 0.0711 2.97 4.73 “




Appesdix] g3

T

" Lo [T 1 J‘r}:: g L a % 107 Bx 1Y y,ﬂp?ml X Jo-s

{'Fy by (Bowlh, *F) (bgfit sec)  iftsee)  (Biwmrp F) (i) Fr (L"F) (PP %y

- " _—--—— e e e

Rydralic fluid {MIL-M-5606)
0 S50 0400 s550 101 0.0780 15 10 o7 139

Eli] 34, 0.420) 2220 4.1 0.0753 3.32 ddg 048 13.0

f(l 530 0.435 1110 209 0.0732 314 235 .60 441

80 323 0.453 95 133 D710 107 155 057 59

100 510 0.467 536 107 00580 154 138 047 132
150 510 0.499 278 545 006545 244 80.5 032 345
200 500 n.530 250 5.00) QL0600 227 794 02D 158
T o & m pX 0P & e X BXIP  pRoy,
(") (b} (Brallb, "F)  (1b, /it sec) (E'f3ee)  (Buwhe ft °F) {0 Pre107® (PR (10F. fth

Glyeerin

0 797 0.540 7.1 9.03 0.162 391 212 T
&0 751 0.363 14 L7 0,167 175 170

20 8.7 0580 0.6 0.982 0.156 104 753 030 166
1 782 0,598 0.1 0128 01635 3,51 13.1
T g g, w0 ¥ A0 3 & D B% 10" afdla®w 10=
CE} (bJT) (B, °F)  (byffises)  (FYsec)  (Btumeft F) (A Pr (1FF) [LFF-fiY)

Kernsene

T 0.456 500 16.4 D.0209 363 163 )
60 481 0474 00 125 00805 353 127 058 (20

a0 476 0481 499 0.3 0.0800 342 108 0,48 146
0] 472 {505 420 £.90 00797 335 457 047 192
150 4.1 {1,540 320 6.83 0.0788 115 78
T I s B X P T8 S | of k & ¥ B E'Eﬂ‘zllf-lleﬂﬂ
F) (b i) (Brodlb, °F) (b ffrsec)  (fidfsec) (Brofe ft°F) (i) Fc (17F) [LFF -« it

Ligquid hydrogen

~435 484 1.69 163 0.337 0.0595 738 1.67

=433 4.7 1.78 1.52 0.319 00610 730 1.5

~431 471 1.87 1.40 0.297 0.0625 e 151 1 2.50
—435 464 106 1.28 0.276 0.0640 7.0 1.41
—427 438 2.05 LIT 01256 00655 697 132

=415 4.51 15 L.05 0233 0.0670 6.00 L2]
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Properies of seturated ammonia

Enthalpy Valeime
- Spacific Tiwavrnal Expansica

Baburstion ﬂm‘"}i Wapai- e cmmm‘d'“ Cymantee Viscari, Prand Cosfficien), Surfice
Tomp., Pressure, g4 zlon, e T L Wm-T peg— i MR T Tensan,
TG A kP:  Liqud Yapse Ay, kMkg Liguid Vopor Liguid  Mapar Liqued Vapar Liguid Vaper Liguid Him
=M 7166 6802 Q6435 1383 AAl4 22— 001792 2926x10°¢ 7857 X100  —  poess 000176 003558
a0 1194 BYTA 1.037 1360 4485 2322 - QOIESE 2E30% 1077 B3N x10°%  — 17 000188 posls)
-85 LGLG  ®7LO LAS6 1345 40BO ZI60 CLBOGD 001957 2492 % 10-° B400m 107 1278 1psg 060180 Ho3aen
-20 1300 8651 1603 1329 4514 2420 0.5853 00015 2381104 BE6% w107 1.837 104] 0001598 603188
-18 R B5L6 1966 1313 4533 D476 D.ATIV 002075 23235 = 1070 BASL %10 1,789 )8 D.001ss 003007
-10 2808 G321 2391 1297 dn54 2536 05620 0O0ZISE 2.117x 1070 0.034% 107 1718 172 000205  0.02856
-5 asam 65,4 2BEE 1280 4539 2601 05505 000203 2003k 1074 8218w 10-F 1LE70 1089 000210 0.0gTES
0 4196  B3EE 3458 1262  JELT 2672 D500 0.02270 1895 x 10-4 9405 10-t 1824 1.107 000216 00967
5 516 B3LT 4116 1244 4645 274D O6ET4 002341 1794 ¢ 100 8593 10°F 1.58Q L1286 000229 00258
10 B3 G26.6  4BD 1226 46TE 2831 05158 DD2415 16597 x 10~ 784> i0-* 1530 1147 000230 Q.02457
15 T2EEB 6176 5723 1208 4705 2820 Q5342 002452 1.606 % 10 SO07E Ig-t LEOD 1163 000237 0.0%348
20 A57E G102 BF03 1186 4745 3015 04927 002573 1519 = 10°4 1.0i7=10°® 1.483 1.133 Q00245 002240
25 1003 G0ZE rH09  116E  47B4 3120 04511 OD2658 L43E% 10 1057 = 10-9 1430 1218 000254 007153
3 1167 5952 5085 144 4EZ8 3232 D4GS5 002708 1361 %10 1067 X 10 1,395 1244 000264 P
55 115] 5B7.4 1046 1122 4817 5364 04579 0020643 1.28Bx 104 LOTEx10-% 1372 1977 0.00275 001917
a3 1555 578.4 12.0% 1055 4532 2486 D454 DO2843 12189 X107 10993 10-° 1,847 1303 0.002387  0.01810
45 1782 713 13.E 1075 4833 3631 04348 003049 1185w 10°* LIEL=I0°* 1327 1335 p.ooaq: 001704
50 235 EEZO 157E sl 5063 3790 DA232 Q02162 1094 x 107 1043 % 10°% 1310 1371 000318 D.0L6DE
55 23D 5042 18.00 loRs  Bl43 3987 04116 003283 1087 <10 L1668 10 1.297 1409 000334 001493
B0 2614 5457 2048 5874 B234 4163 04001 0.03412 9846 x 107 1153 x 107 1.288 1457 0.00354  QUO134s
65 2048 5360 2328 9580 5340 4354 QIREE 003550 9.347 x 107 12132 10-* 12HS 1499 000377 001786
70 3312 5260 2633 B39.0 S463 4634 0.O7EF 0.08700 BATOX10-F 1238 10°% 12T 155! 000404 001181
75 3704 516.2 2590 907.5 560 4923 03653 009862 BA40% 10-° 1258 =107 1,286 1612 0.00435 001078
80 414 QBT 2387 8741 57D 5260 O.5538 004038 B.0Z0x 1075 1292 w107 1317 16E3 000474 0.00977
a5 4608 434.5 3JBE6 H3g.6 5988 5655 03427 004232 F645» 105 1,323 = lo-% 1.338 1768 000821 O.00B7E
90 5116 4832.E 43.4H BOD.E 0242 Bl4Z 0.3308 0.04447 7.284 % 10°% 1354 x 104 1378 1871 000579 0.007Ts
05 5GES 470,2 4935 TERE G561 G740 03190 O.04BE7 E.946 X 10°* 1380 % 10" 1420 |.9%9 O00652 O.008T)
105 6287 45655 66,15 Fla.5 GEFY TSI3 03075 O.04553 G.EZEx 10 1429« 10°% 1803 2163 000748 000570

i Rinemalic viscesily » ond thermal diffussity @ can be caiculated fom dheir eelinilions, » = i a0d o = &pG, =
thee vapar ceesity] cam be used Bt any pressures wilh negligible eree secept al Lempena turss nesr the critical point vaioe.

WPy The properiies lisbed here (eacest



