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Abstract 

Enthalpy measurements on a coal-derived naphtha and middle distillate, 

both produced by the SRC-11 process, were made using flow calorimetry. The 

accuracy of the measurements, as reported by Omid (2), was within + 1% of 

the measured enthalpy differences, 6H. 

Experfmental ·data for the Naphtha were obtained over a pressure range 

of 100-300 psia and temperatures from 148° to 456°F. The Middle Distillate 

entha 1 py measurements were made in the press·ure and temperature ranges of 

130-1000 psia, and 157°-675°F, respectively. 

The methods of prediction of enthalpy developed for petroleum fractions 

were unsatisfactory when applied to the above data. These results were 

then compared with the earlier work of Omid (2), Sharma (3), and Andrew (4), 

and a negative bias was observed in the predicted enthalpy values for several 

of the coal-liquids. Based on these results, it was theorized that the high 

experimental enthalpy values for coal-liquids were due to an energy of 

association attributed, primarily, to hydrogen-bonding effects. 

The petroleum-fraction enthalpy correlations were then tested on the 

experimental data for pure compounds, both associating and non-associating. 

The predicted values compared very well with the experimental results for non­

associating model compounds. However, for associating model compounds the 

predicted enthalpy values were considerably lower than their experimental 

data. This served to confirm the basic premise that the high experimental 

enthalpy values, for model compounds and coal liquids, were a direct consequence 

of an energy of association attributed, primarily, to hydrogen-bonding effects. 
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Objective and Scope of Work 

Thermodynamic property research is justly recognized as invaluable by 

process and design engineers in the petroleum, chemical, and allied in­

dustries. Calorimetric measurements of specific heats or enthalpies, 

pressure-denity-temperature measurements, arid phase equilibrium determina-

tion, for pure fluids or complex mixtures, are all essential in the optimum 

design of both physical and chemical processing units. 

Coal-derived liquids are a new and vital class of industrial compounds, 

but have thermodynamic properties that are larg~ly unknown and presently, 

unpredi ctab I e. The Obj~Ct1 ve of th1 s reseaf'ch i:; Lo lr'lt?asure one of the most 

important thermodynamic properties, the enthalpy, for representative coal­

derived liquids over the pressure and temperature regions most likely to be 

encountered in both liquefaction and processing systems. 

The research is divided into three major program areas. 

I) Design. constructio·n, and evaluation of a freon boil off 

calorimeter for temperatures of 70 to 7Q0°F and pressures 

I I ) 

to 200 psig. 

EnthalPY measurements on approximately 10 samples of coal-.. . 

derived liquids. The samples for measurement will be selected 

after consultation with the ERDA Bartlesville Energy Research 

Center. 

III) Preparation of engineering correlations for the measured 

enthalpy data, and comparison with representative data for 

petroleum and petroleum fractions. 
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Det~iled Description of Technical Progress 

PART I 

ENTHALPY MEASUREMENTS ON COAL-DERIVED LIQUIDS 





EQUIPMENT AND PROCEDURE 

The equipment used in this study is a reference-fluid 

boil-off flow calorimeter similar to that originally 

developed by Nelson and Holcomb (24) and previously 

described by McConnell (l),and Yesavage, et al, (15). 

Figure 1 shows a detailed drawing of the calorimeter, 

while _the schematic diagram of the flow system is presen­

ted in Figure 2. The first law of thermodynamics when 

a p p 1 i e d t o a f 1 ow c a 1 o r i me t e r. w i t h n e g 1 i g i b· 1 e p o t e n t i a 1 

and Kinetic energy effects, reduces to ( 3) 

('H) = Q-W 
- X r;r- ( 1 ) 

where, 

( . H ' ~ J X = enthalpy difference/unit mass 

of the f 1 u; d between the outlet 

and in 1 e t conditions at a con-

stant overall corr.position, X ' 

Q = net rate of heat transfer to the 

fluid, 

w = net rate of work output, and 

M = mass flow rate of the "test" 

fluid. 

For a boil-off calorimeter (W = 0): 

Q = - Mr '- r - q ( 2 ) 
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where, Mr = mass flow rate of the reference 

fluid boiling off, 

). = latent heat of vaporization of r 
the reference fluid, and 

q = heat loss from the calorimeter 

reference fluid system, or heat 

flow from ambient (80°F) to the 

Freon 11 @ 65°F. 
M r )_ r .9. Hence, equation (1) becomes (~H)x= - M - M 

or, = 
M -~ r r 

r1 
+ q 

M ( 3 ) 

The heat loss term represents a limitation in the accu-

acy of a measurement but, as is apparent; it is inversely 

proportional to flow rate. Thus, in order to minimize the 

heat loss effects, most of the calori~etry facilities (as 

with this one) have been designed to operate at flow rates 

in the order of one gallon per hour {24, 26). 

The final results consist of enthaipy variations w1tn 

temperature (referenc~ temperature = 65°F) along d.ifferent 

isobars. The outlet pressures of the "test" fluid were all 

corrected to a referen~e pressure of 1 atmosphere. 

In the two-phase region, the experimentally determined 

enthalpies represent the total enthalpy of the vapor-liquid 

m1xtyre havin9 an overall composition the same as that of 
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the original sample. These results are useful in the pro• 

cess design of heat transfer equipment; however, a knowledge 

of vapor-liquid equilibria is also required in the design of 

mass transfer equipment. 

The c a 1 or i meter, as s how n i n F i g u r e 1 , i s II cons t r u c ted. 

of 304 stainless steel except where it is· in contact with 

the sample oil, where 316 stainless steel is used. The inner 

chamber constitutes the boiling bath. The 35 foot long coil 

1/8 inch outside diameter stainless steel tubing provides 

more than adquate heat transfer area to cool the sa~ple down 

.to within 1°F of the Freon 11 bath. The Freon vapors that 

boil off from the inner chamber travel through the demister 

be f o r e 1 e a v i n g the ·c a 1 o r i meter . The de i!i i s t e r r e !'PO v f.'s en t r a i n e d 

liquid from the exit stream allowing only the vapor to leave. 

The middle charr.ber contains boiling Freon. It acts as an 

insulating barrier by eliminating any temperature difference 

between the inner chamber and its surroundings. It also in-

creases the capacity of the calorimeter for holdinq freon since 

the two chambers are connected by the Freon feed tube. The 

outer chamber is evacuated by the vacuum system to provide a 
-4 II pressure of less than 7 x 10 mm. (1). 

The flow ~y~tcm. Figure 2, was design~u Lu ~1dnd1e cerro-

sive,. relatively unstable coal-derived liquids. The layout 

of the piping was dictated by the possibility of two-phase 
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flow developing at high temperatures as well as the expected 

small amount of some of the samples. This called for a con­

stant downward movement of the sample after heating, to pre­

vent trapping of the liquid in low spots, thus minimizing the 

possibility of any compositional changes that might other­

wise take place.· Also, because of the limitation of small 

amounts of some of the samples, the shortest possible piping 

was used. For virtually all of the system, 1/8 11 outside 

d i a me t e r ( J • 0 3 5 " \'Ia 1 1 t h i c k n e s s ) .3 1 6 s t a i n 1 e s s s t e e 1 t. u b i n g 

\•J as used. 

The sample is pumped from the surge tank by means of a 

Milton-Roy dual diaphragm pump. The dual diaphragm evens 

out the pump pulsations because of its double-action. The 

sample then flows through an in-line EG:...filter to remove any 

solids that might be present in order to prevent clogging up 

of the lines. A damper consisting of two 300 cc cylinders, 

in which the oi1 comes into contact with nitrogen, is instal­

led down stream of the in-line filter to absorb the force of 

the pump stroke and cushion the liquid system against pres­

sure surges. The sample is then preheated gradually, to rr1n1-

mize sample decomposition, in a fluidized-bed preheater bath. 

The sample flows through a 25-foot coil installed in the bath 

to provide an adequate heat transfer area. Air is injected 
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at the bottom of the bath in order to fluidize the fu~ed 

alumina sand to produce a safe heat transfer medium. 

The inlet dnd outlet pressures of the calorimeter are 

measured with two bourdon tube gauges. The inlet and out­

let temperatures are measured with in-line platinum resis­

tance thermometers. A rod-type final heater controlled by 

a Proportional-Integral-Derivative controller, using an in­

line thermocouple, sets the inlet temperature of the fluid 

to the calorimeter. A back pressure regulator is used to 

maintain the system pressure with the press·ure being set by 

pressurized nitrogen. The sample fluid is then returned to 

the surge tank or sent to the collection tube by means of a 

three-way valve. 

The Freon 11 boiled off from the inner calorimeter 

cha~ber as a result of heat transfer with the sample fluid, 

passes through a demister before entering a heated tube lead­

ing.to the main condenser. An in-line platinum resistance 

thermometer, upstream of the heated tube, measures the Freon 

vapor outlet temperature. The tube is heated to prevent the 

condensation of the vapor before it reaches the main conden­

ser. The condensed vapor from the main condenser flows past 

a vent, through a vapor trap, and on tv a three-way valve 

whereby it can be directed to either the return heater or the 
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collection tube. The return heater is used to heat the sub­

cooled liquid Freon to its saturation temperature, allowing 

it to enter the calorimeter. 

The Freon boiled off from the outer chamber of the 

calorimeter is condensed in the small condenser, along with 

vapors from the return heater, and returned to the calori­

meter. 

The layout of the Freon 11 lines was influenced by the 

gravity forced flow from the main condenser, minimization of 

pipe length, the low boiling point of Freon and room dimen­

sions. 

The platinum resistance· thermometers used for the ~ea­

sure~ent of the inlet ar.d outlet oil temperatures were custom 

~ade, 100 ohm nominal resistance, units sheathed in 316 stain­

less steel. The thermometer outputs were measured with a 

Fluke digital volt/ohm meter. Calibration over the tem~era­

ture range of interest was accomplished with a Leeds and 

Northrup 8167-25-B platinum thermometer which was in t~rn 

calibrated by the manufacturer on IPTS-68. The tempera-

ture measurements are believed accurate to .: 0.1°F. The 

inlet and outlet pressures were measured with Heise gauges, 

calibrated by the manufacturer, with an accuracy of! 2 psi .. 

T h e we i g h t s o f F r e o n a n d o i 1 c o 1 1 e c t.e d d u. r i n g a n 
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experimental measurement were determined to t 0.05 gm on· a 

Mettler analytical balance. 

The evaluation of the calorimeter consisted of 33 

measurements on compressed liquid water over a pressure 

range of 179-1529 psia and a temperature range of 196-551°F 

by Omid (2) and comparing the data obtained with that in the 

literature (27). The calorimeter was further evaluated by 

Sharma (3) using n-heptane as the test fluid in order to 

obtain enthalpy data across a liquid-vapor phase transfor­

mation. This was deemed necessary since the measurements 

done earlier on water were all in the compressed liquid 

region. The high heat of condensation of water makes opera­

tion with a steam or steam+ liquid water inlet stream 

impractical with the present calorimeter (1. 2 ). In 

general, the accuracy of the calorimeter was determined to 

be ± 0.5% of the measured enthalpy difference, ~H. 

A major concern during nperatinn with coal derived 

liquids is the occurrence of sample decomposition at high 

temperatures. To determine the significance of decomposition 

at higher temperatures on the enthalpy measurements, low. 

temperature runs were repeated after high temperatures were 

attained. In general, the low temperature runs obtained 

before and after heating up the sample were in agreement. 

At times, however, the runs differed indicating decomposition. 

11 
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This generally occurred together with system pressure build­

up from coking or a change in appearance of the sample. 

When this occurred, the sample in the system was replaced. 

As a check of the continued reliability of the system, runs 

with n-heptane were generally repeated whenever the sample 

was replaced. The n-heptane data were always in agreement 

with previous results. 
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ENTHALPY MEASUREMENTS ON COAL-DERIVED LIQUIDS 

A brief discussion of the enthalpy measurements 

attempted on two coal~liquids (a naphtha and a middle 

distillate cut ) is presenteq below, 

1046 Naphtha 

This material was produced py the Pittsburg and Midway 

Coal Mining Company at their DuPont, Washington pilot plant 

using the s~c-II process. The sample was used as received. 

Liquid phase enthalpy measurements 1n the temperature 

range of 148° - 459°F, along 100, 200 and 300 psia isobars 

are presented in Table 1 and Figure 3. 

The outlet temperature was corrected to the base of 

65°F using the heat capacity at this temperature as found 

from the measured enthalpy vs temperature cyrve. This 

correction never amounted ·to more than 0.5 Btu/lbm. The 

outlet pressure was corn~ct~q tg ~ refe,rence of 1 qtrn. using 

t h e K e s 1 e r - L e e co r r e 1 ,a t 1 o n ( 9 , 2 8 ) • T h e p r· e s s u r· e c o i" r e c -

tions are shown in the table and detaileQ calculations have 

been presented by Sharma (3). 

From Fi~ure 3 it can be seen that the liquid phase 

enthalpy is not a significant function of the pressure. 

No enthalpy data in the two-phase or the vapor region$ 

could be obtained qt the isoQ~rs at~empted due to severe 

operational problems caused by the thermal instability of 

13 



T db It~ I 

11046 tlaiJhlha 

100 Psid Jsobar I NTIIALI"Y OATil ----- . - ... --. 

Temp., or Pres-sure, l"sid /.ltexpt. l"re;.c.. Correl t ion r.tt Corrected Run no. In I e t Inlet Outlet lltu/lb lltu/lbm Btu/lb m m -·-- --- .• ---. --·- ---- --· -----
1 ( t) 208.1 100 56 ,., . ~ . I 0 75.0 
2 ( I ) 209.7 101 56 711. 5 . I 0 75". 6 

43 ( t ) 2 3~. 4 100 74 'J0.6 . 14 90.7 
3 ( l) 2 34.4 101 56 90.0 . 10 90. i 
5 ( f.) 256.6 101 48 103.0 .07 103. 1 

44 (n 258.4 98: 69 104.3 . 14 104.4 ,_. 
13 (!) 279.2 -A 100 82 115. ~ .22 115.4 
45 ( ~-) 282.2 100 6H 119.2 . I 3 119. 3 

6 (t) 285.2 101 48 119. 5 .09 119.6 
74 (0 291. 1 99 84 172.4 . 2 3 122.6 
53 ( '· ) 295. 1 100 20 126.4 .03 126.4 
49 (q 30 I. 1 100 48 1 H. 5 .09 131. 6 
75 ( ~ ) 306. 1 99 85 13J. 1 .23 13 3. 3 
50 ( t) 310.6 100 40 131.4 .05 137.5 
47 ( !. ) 324. 3 HH 70 . 146.0 . 14 14 6. 1 
76 (1.) 334. 7 100 85 150.9 .23 151. 1 
77 ( !. ) 348. 3 100 89 161. 1 .4:'5 162.0 

200 P~ict lsobrtr 

56 (J.) 2 <,'). 9 2UE ll'J 101. 5 . 40 101.9 
64 (1.) 274:'. 9 199 1110 111. 2 . 54 111. 1 



ldblc I (<.ont.) 

fl04t. N.svhthd 

300 Psia I ~Ob.J r· L N lllf·.ll' Y UATA 

J CIIIIJ. , of Prcc;~ure, l''iid i.lll! l(" l . l'r~sc;. Currection l.H C~>rrected 
Run No. lul~t Inlet Outlet Utu/11.1

111 
!Hull b IHu/1 b --- ---·-- Ill m ------------- ---- -·--· - ---·-------

26 (n 14-3.2 :B02 19H 41.] .61 41.9 
27 ( ~ ) 171. 5 10 I 20K !,4. 3 . 61 54.9 
28 ( v.) 185.0 :wo lOH bl.9 ~ 61 62.5 
11 (k) <'00.8 ,?99 12 (i'J. 9 0 69.9 
15 ( ~) 21J.8 :JOO 214 79.6 .86 80.5 

..... 16 ( ~- ) 242. I ~90 261 9~. 7 .82 96.5 
U'1 

17 ( i) 264 .H '2.97 '251 10'l.3 . 78 110. 1 
18 (.t) 2H9.0 303 'l41 124.2 .77 125.0 
19 ( ~) 296.6 300 26H llK.H .b4 129.6 
20 (d 32 tl. l 302 <'f•9 14 7. 6 .85 148. 5 
21 ( ~ ) 34:'9. 3 306 'l./4 14H. 4 .86 14-9. 3 
22 ( ~) jllO. 5 302 265 I~~~- 7 .til 155.5 
23 ( ~-) 369. I JOI 26~ 1/3. 3 .H3 1 7 4. 1 
54 (n :1115.6 299 264 181,!. .H3 182.3 
24 ( r. ) ]9). J 302 265 11111.4 .83 189.2 
29 ( ~- ) 4Ull.9 10 I 246 20 I. I .17 201.9 
25 ( ~ ) 4~4.5 102 265 lll'J.4 . H J 210.2 
'JO (.) 4H. I j()J 747 n .s. 1 .II 224.5 
'j( ( ~ ) 4~11.'J ]II I 24~ 2 :I. (, . 16 2 32.4 
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the sample. Severe "coking" or polymerization, due to 

compositional changes, occurred in the sample lines and 

the preheater, resulting in frequent shut-downs, and 

replacement of the affected equipment. Repeated attempts 

at obtaining enthalpy data in the two-phase and the vapor 

regions by charging fresh samples to the system were 

unsuccessful. 

Middle Distillate 

This sample was also furnished by the Pittsburg and 

Midway Coal Mining Company and was produced from a Kentucky 

coal at their DuPont, Washing.ton pilot plant u~ing the SRC­

II process. 

Enthalpy measure~ents, in the temperature range of 

157° - 675°F along 130, 150,· 300 and 1000 psia isobars, on 

the middle distillate cut were obtained and are presented 

in Table 2 and Figure 4. 

The outlet temperature and pressure were corrected to 

65°F and 1 atm respectively, using the same procedure as 

o u t 1 i n e d f o r t h P. 1 0 4 6 ~: a p h t h a s amp 1 e . 

Severe operational problems were caused by the thermal 

instability of the sample. At moderate pressures (on .the 

order of 150 psia), and at temperatures greater than S00°F, 

severe plugging problems quickly d~veloped in both th~ 

preheater and final heater, forcing frequ~nt shut-downs 

17 



Tdbll! ., 
'-

Middle 01!>t1lldte 

IJD Psi a lsolldr [NTIIALPY DATA ----- --------- - . -· 

T en1p. , OF Pres:!>ure, Psid Mtexpl. Pres~. :crrection t~H Corrected Run No. Inlet Inlet Ou ll (' t Dtu/lh
111 BtuiJe> 8 tu/1 b 

----· -· -·--- Ill m 

31 ( I ) 436.0 129 13 199.5 0.() 199.5 
40 ( I ) 524. 1 Ill 5/ 250.6 0. I) 250.7 
39 (.) 604.2 130 54 310.0 0. (} 310. 1 
41 (.) 613.9 Ill 57 3'1.1. 3 0. II) 327.4 
42 (*) 642.9 lH 53 375.5 o. o·~ 375.6 

..... 31i 665 .. H lB 54 437.5 0 09 437.6 
00 

150 Ps1a Isobar: 

8 ( 1 ) I!> 1. I I~ l 61 42. 3 0 l I 42.4 
7 ( 1 ) lfi5. 6 1 5·) 62 ~ 7. 1 0. 1.. 57.2 
6 .(lj 211.9 14 ~ 53 71. 3 0.0, 71.4 
5 0) 2 55. 7 )~I) ]8 93.2 0. Oti 93.3 

14 1( 1 ) 2blL 2 I 5 l 20 99.7 0.~ 99. 7 
1 I( 1 ) ZH0.2 150 i'O 105.9 0. Ueot. 105.9 

15 ( 1 ) 315. 1 t !i r 20 126.3 o. o~· 126.3 
2 ( I ) 326.U 1 ~ ~ 2H 1 J2. 9 0.0~ 132.9 
3 ( 1 ) 37l. C) I~ I 28 158.6 0.0~ 158.6 

12 ( 1 ) 399. 1 15;' 96 17 5 . 1 0- 1 ~ 5 17 5. 3 
4 ( 1 J 424.~ 14!1 28 190.2 0.0~ 190.2 

62 Ol 441.0 150 12 202.0 o.u: 202.0 



Tdble 2 (cont.) 

Middle Distillate 

1SO Psict lsobctr (cont.) ENTHALPY DATA 

Temp., °F Pressure·, Psi a t.Hexpt. Press. Correction f,H Corrected 
Run No. Inlet In I et · Outlet Btu/lb IHu/1 bm Btu/Ibm Ill ·---

/ 

9 ( 1 ) 444.3 155 29 200.0 0.05 200.1 
63 ( 1) 486. 1 151 12 221J. 1 0.00 228. 1 
66 (1) 490.8 150. 12 229.7 0.00 229.7 
46 ( 1) 511.8 1 !i 1 57 24 3. 5 0. 10 24 3. 6 
64 ( 1 ) 525.0 14 9 12 254.] 0.00 254.3 
57 ( 1) 533.6 ISO 12 2~9.3 0.00 2S9.3 ...... 
48 ( 1 ) 535.4 \0 15J 40 2511.4 0.06 258.5 
67 ( 1) 541L 2 1 5Q 12 266.0 . 0.00 266.0 
45 ( 1 ) 565.5 14 ~ 66 279.7 0. 12 279.8 
68 ( 1 ) 579.6 1!iC 12 2HS. l 0.00 285:1 
69 ( 1) 582.1 15 I 12 2117.1 0.00 28 7. 1 
73 ( 1 ) 609.6 149 12 3011.3 0.00 308.3 
70 (.) 622.5 149 12 322. 7 0.00 322. 7 
65 ( . ) 652.6 1511 12 36 7. 0 0.00 31i 7. 0. 
75 (.) 6 7). 8 149 54 404.6 0.09 404. 1 

71 (.) 674.9 ISO 12 409.3 0.00 409.3 

300 Psict l~obdr 

17 ( l ) 279. l 29g 16 7 lOb.b u. J4 106.9 
liS ( 1 ) )Ill. 9 JUil 1!.9 l2H. 8 0. J2 5 129. l 
19. ( l ) ]46. 9 300 1!.2 144. ] II. JO 144.6 



Tdble 
., (tunt.) L 

Middle Distillo~tc 

300 Psi.s lsobu lNTIIAL I'Y OAlA -- ----· -·- --.-·-··- -···--

Temp. ,. OF 'Prcs~ure, I'Sid f•Ht.'xpt. l're~~- (cJrrect ion t.H Corn~c ted 
Run No .. I n·l et Inlet Outlet IHu/1 L

111 
IHu;J Ibm ~IHu/lbm ----- ··------ ---------

20 0) 372·16 299 1~2 I!J9.2 0. JO 159.5 

21 (1) 4·0LO 3Ul l~) 1/5. H O.JO 176. 1 

23 (1) 424.7 299 190 1H9.li 0.39 190.2 

24 H) 456.•0 29H lt;9 207.4 0.39 207'.·8 

27 ( 1) 4J:lS.:2 30.0-' 217 U5 .. b 0. 45 226.1 

N 28 ( 1) 5·.} s. '9 303'· 216 246.3 0. 45 246.8 
0 29 (1) 545 .. 7 JOJ 214 265.2 0.44 265.6 

3,0 (1) . 581L l ) 0'1' 21"4 291.4 0.44 291.8 

52 (*) 6~0.16 JOO 192 32 7. 7 0. 40 328. 1 

roue• Ps.1 o· I ~·oLd r ----···--
12 ( I ) 408.'5 -995- 923 1H2.7 1. DO 183. 7 

Jl U> 4~0.3 999 92] 206.5 1. DO 207.5 

H ( 1) 4UU.6 9~7 915 229.8 0.98 230.8 

35 ( 1.) ~lb.] 1000 916 246. 1 0.9U 24 7. 1 

36 ('1) !J!J~.b 1002 911 211.0 0. 99' 272.0 

·31 lH 623.!5 9.9:: 910 315.0 0.97 316.0 
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and replacement of both the sample and the affected equip­

ment. These op0rational problems were much the same as 

those encountered with the 1046 Naphtha sample. 

As can be seen from Figure 4, some two-phase data was 

obtained for this sample at pressures of 130 and 150 psia. 

However, repeated attempts at obtaining enthalpy data in 

the two phase and the vapor regions, at the higher isobars, 

by charging fresh samples to the system, were unsuccessful. 
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PREVIOUS EXPERIMENTAL WORK 

Enthalpy measurements on several coal-derived liquids 

were undertaken as part of the enthalpy progra~ at the 

Colorado School of Mines. Furthermore, enthalpy data was 

also taken for four pure compounds as part of a continuing 

effort to d~velop a predictive technique for enthalpies of 

coal-derived liquids. Table 3 gives the temperature and 

pressure range of all the data for the various systems 

studied along with the appropriate references. 

There have also been some other enthalpy measurements 

of associated compounds and mixtures of associated compounds 

reported in the literature and these are presented in Table 

4 along with the relevant temperature and pressure ranges 

as well as th·e appropriate references. 
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Tdble 3 

ENTHALPY nATA FOR TH£ VARiOUS SY~TlHS ~-UDilD 

------·--------··----
Sy~tem Studied Rtd e reuc e!. 

Utah Light Distill•te Shdrmd (]) 

Western Ken l•uc ky Omid, ( 2) 
Syncru<le 

Western Kentucky Omid, ( 2) 
Liyllt Distilldte 

Synthoi I Dis.tillatr Andrew, ( 4) 

SRC-1 Naphttw Yesavage, et 

Benzene Hinmdn, ( 5) 

m-Xylene Ha II a, (7) 

1-methylna!Jhthdlenr HoI I i man, ( 6) 

m-Cresol .:iillllldn, ( ~) 

d I . ( 11 ) 

A!Jpr·ox:uwte Tem­
l•er .. ture- Hdnge,°F 

129<'22 

1n- ··as 

119-·'~6 

l~S-!4i2 

159-~19 

2 30-670 

140-7}0 

224-140 

2 w-:;sa 

A!Jproximate Pres-· 
sure Range, PSIA 

60-1500 

100-1500 

60-500 

150-1500 

30-1500 

70-1000 

50-1500 

75-470 

200-1500 
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TAilL[ 4 

Li~uid Heat Ca~dcity/[nthc~lpy Dc~ta for A~socic~ted and Mixtures of 

Associated Compounds d\ .Reported· in the Literature 

·----·----·-··-----
System. Studied References Approximdlc Tern-

perature Rc~nge, OK 

Methyl Alcohol Ke 11 ey ( 12) • Pc1 rks ( 13) 181-320 
(Liquid hec1t capac i t.)o) Carlson c1nd Westrum ( 14) 

N-Propano 1 (~nthalpy) ~ubicek & £ubank ( 15) 422-555 

i -Propano 1 (Enthalpy: &innings & Curruccini( 16) 273-473 

Ethyl Alcoho~ W i 11 i a ms & Dan i e Is ( 1 7 ) 300-330 
(Liquid Hec1t Capac it!') 

2-Methylpropan-1-ol Counse 11, et c1 I. ( 1 tl ) 175-355 

Pentdn-l-ul Counsell, et a 1. ( 1H) 200-389 
(Liquid Hec~t Capc~c i tJ) 

Butdn-2-ol Andon, et al ( 19) lHS-345 
(Liquid Heat Cc~pilcitr') 

Jlhenol Ant.lon, et ell. (20) 317-3!>6 
( U.qu i d lh:dl Capacillf) 

m-Creo;ul Ant.lon, et al ( 2 1) 2H5-400 
(liquid Heilt.Capacity) 

p-Cre!.ol Andon, et a I ( 2 1) 308-400 
(Liquid He.sl Cap.scity) 

But y 1 Alcohol Counse 11, et al. ( 22) 395-453 
(liquid Heol Cd j.liiC ity) 

. n-Pentdnol ([nthalpy) Thinh, et c1 I. ( 2 3) 450-599 

N-Hexdnol (C:nthalpy) Thinh, ct c1 I. ( 2]) 52l-blb 

·----
AiJIJroximate Pres-
sure Range, PS lA 

Saturation Pres-
sure 

75-900 

Saturated Liquid 

Saturated liquid 

Saturated Liquid 

Saturated liquid 

Saturated Liquid 

Saturate.d Liquid 

Sc1turated Liquid 

Saturated Liquid 

Ideal Gas State 

150-1500 

200-1500 



PART I I 

CORRELATION o~ ENTHALPY DATA 



PETROLEUM CORRELATIONS 

As an initial stage in the effort to correlate enthalpy 

data for coai-derived liquids, the. experimental enthalpies 

were compared with the predicted ~nthalpies using correla­

tions developed for petroleum fractions. However, it is 

to be noted that the conditions under which the coal liquids 

are formed and the hydrocarbon type distribution often differ 

radically from those of the petroleum fractions. This could 

prove to be a severe linitation on the usefulness of petro­

leum correlations· to predict enthalpies of coal liquids. 

Moreover, a mixing rule with a pure component correlation 

cannot be applied to undefined mixtures of hydrocarbons such 

as coal 'liquids. 

The correlations considered were the Johnson-Grayson 

correlation {8) as presenied in the API data book, and the 

Kiilir-Lee correlations (9, 28) which are an improvement 

over the former. These cOtte1atfons and oth!r! have been· 

discussed in detail. by Fleckenstein (10). Briefly, however, 

all the correlations follow basically the same procedure for 

predicting the enthalpies. First, empirical equations at 

reference state pressure.are determined for estimating the 

·liquid and vapor phase heat ~apacities, as well as the heat 

of vaporization, as functions qf temperature. The enthalpy 

of the liquid phase is determined by integrating the liquid 

27 
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phase specific heat equation between the reference tempera­

ture and the temperature of the liquid. If the fluid exists 

in the vapor phase, the liquid phase heat capacity is inte­

grated between the reference and the normal boiling point, 

the heat of vaporization is added, and the vapor phase heat 

capacity equation integrated between the normal boiling 

point and the temperature of the fluid. The. pressure correc-

tion term, for deviation from the reference pressure, is then 

added to compensate for the effect of preisure on the 

enthalpy. Often the effect of pressure on a 1 iquid that 

exists below 1000 psia, is neglected. 

The following equation is a mathematical representa­

tion of the above steps: 

\·1 here, 

H = 

To = 

Tb : 

( cP \ • 

( c p) v "'' 

Hp.c = 

T b T 

H = s (Cp)L dT + J (Cp)v dT + H + ~Hv (~) p. c. 

enthalpy relative to T
0

, Btu/lbm 

reference temperature, 

normal boiling point temperature, 

liquid ~~~d~e heat capacity ld reference press\.lre • 

vapor phase lt!:!dl cdpac1ty @ reterence pressure, 

pressure correction ·term to compensate for the 

effect of the system's pressu~e on enthalpy, 

28 



T 

= 

system-temperature, (which is higher than Tb 

for a gas), and 

latent heat of va·porization. 

The corr~lations mentioned earli.er use the ASTM dis-­

tillation results and the API gravity as properties for 

characterizing the sample. From the ASTM distillation 

and the API gravity, properties such as true boiling curve, 

mean average boiling point, molecular weight, and pseudo­

critical properties,which are required for the correlation, 

are computed using charts in the API data book and the 

equations given by Kesler and Lee (9, 28). In both of these 

correlations, ideal gas and low pressure liquid enthalpies 

are presented as a function of temperature for different 

values of the characterizing variable. The affect of pres­

sure on enthalpy can be obtained using corresponding states 

enthalpy departures which are also presented. 

The results of application ofthese correlations to 

predict enthalpies of coal-liquids and pure compounds are 

presented in the following section. 
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APPLICATION OF PEIROLEUM CORRELATIONS TO PREDICT 

ENTHALPIES OF COAL LIQUIDS AND P.URE COMPOUNDS 

Coal liguids 

The Johnson -Grayson ( 8 ) and Lee-K e s 1 e r ( 9 , 2 8.) 

correlations were used to predict the enthalpy values of 

the SRC-I Naphtha, the 1046 Naphtha, and the Middle Distil­

late cut. Comparisons of these methods were then made 

with the experimental data for the above-mentioned coal 

liquids. The calculations were performed in both the 

liquid and vapor phases and the detailed results are tabu­

lated in Tables 1-3 of Appendix I. Figures 5-8 present so~e 

of these results graphically. The methods of prediction 

cannot be used directly for enthalpy calculations in the 

two phase region since experimental vapor-liquid equili­

brium data are not available. For the liquid data points, 

the low pressure liquid enthalpy curves of Johnson-Grayson 

or Kesler-Lee were used .to calculate the enthalpies. The 

small effect of pressure on liquid enthalpy was neglected. 

In the SRC-I naphtha compar1sons it was necessary to use 

the ideal gas enthalpy and corresponding states enthalpy 

. departures for the calc~lations. Details of the calcula­

tion procedure have been given by Sharma (3}. In fact, 

it should be noted that liquid enthalpies can always be 

30 
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calculated using ideal gas heat capacities and correspond­

ing states;and the liquid enthalpy curves in both Johnson­

Grayson and Kesler-Lee correlations are, at least in theory, 

redundant. 

Pure Model Compounds 

The Kesler-Lee (9, 28) correlation was used to predict 

the enthalpy values of bezene, 1-methyl naphthalene, 

m-xylene~ n-pentanol, n-hexanol, and m-cresol. The calcu­

ations were performed in both the liquid and vapor phases 

and the deiailed results are tabulated in Appendix II. 

Some of the results are presented graphically in Figures 

9 to 14. It should be noted that the critical properties 

and the acentric factors of these pure compounds used 

for predicting the enth~lpy values, were also estimated 

by the Kesler-Lee's correlations in order to be consis­

tent with the earlier comparisons for coal liquids. 
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PREVIOUS RESULTS 

The Johnson-Grayson (8) and Lee-Kesler (9, 28) cor­

relations we.re also used by Omid (2), Sharma (3) and 

Andrew (4) to predict the enthalpy val~es of several 

' .. 

coal liquids studied earlier,along w-ith the petroleum oils 

of Lenoir and Hipkin (27), and the results compared with 

the ~xperimental values. Table 5 summarizes the results 

of these comparisons along with the approoriate references. 

the signs are presented for those systems where there was 

a distinct bias in the rEsults, the negative sign indica-

ting that the calculated entha1pies were low~r than the 

experimental ones. 
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Table ~ 

A\•era·ge. Differences Betwe•en 'Experimental .Enthalpy Data ~nd the Correlations 

of.J~hnson-Grayson (8) and Kesler-Lee (.9~ 28) 

Coal-Deri:ved Liquids 

West. Kent. 

West. Kent Dist. 

Utah Dist. 

S yn tho i 1 0 i s t. 

Petroleum Li·guids 

Reference 

-C•m i d ( 2) 

·.c·m id ( 2) 

Sharma (3) 

.A.n d r e \'1 · ( 4 ) 

Number of 
DatJ Points 

13 

42 

33 

Alaskan Naphtha Lenoir-Hipkin(26)Exrt. 20 

23 Kerosene Cut 

F u e l 0 i l .( # 2 ) 

Gas 0 i 1 

Aromatic Naphtha 

Omi.j (2), Carr 
II 

II 

II 

II 

11 

36 

20 

·~· 
-~ 

Average Error, Utu/l~m 
__J_Qhnso!!_:.§_rc.yson Kesler-Lee 

-1.6 

-3.9 -3.6 

-11.8 -12. 1 

.-36. 4 -35.7 

5.2 2. 7 

2.9 1.7 

1.7 0.5 

1.7 1.5 

2.9 4.0 



DISCUSSION OF THE RESULTS OF COMPARISON -- --- --

In Table 6 are presented the average absolute errors 

using each of the two predictive techniques, outlined 

earlier, for all the three oils under study. 

Average differences for all the coal-derived liquids 

studied so far and the petroleum oils 9f Lenoir and Hipkin 

are presented in Table 7. Also presented in this table 

are the API gravity and the Watson characterization fnrtor, 

K. Fer almost all of the coal liquids, and for both t~e 

correlations considered, the predicted values were biased 

low relative to the experimental ones. However, in so~e 

cases, as is apparent from the table, the comparisons were 

excellent, while in others the deviations were too l·arge 

for the petroleum correlations to be used as predictive 

techniques for enthalpies of coal liquids. Moreover, there 

appears to be a considerable variation in these differences, 

depending largely upon the coal liquid that is considered. 

A comparison of the average absolute error of the petroleum 

1 iquids with the results for coal-derived liquirls, shows that 
·' 

while the correlations do an excellent job of predicting 
' ... 

enthalpies 'of petroleum fractions, their success is mixed 

f o r c o a 1 d e r i v e ·d · 1 i q u i d s . 

Table 8 presents the ave~~ge error as a function of 
' the elemental analysis, as well as the amount of paraffins, 

. " 
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Table 6 

Average Er~or Comparison for Coal-Liquids 

Number Average Error 
Coal-Derived Liquid of Points Btu/lbm 

Johnscr.- Kesler-
Gra,i:SOn Lee 

SRC-I Naphtha 51 2.9 4. 1 

1046 29 8. 1 11. 1 

Middle Distillate 36 24.9 26.7 

45 



Tdble 1' 

Ave.rctge Differences De tween b.perimentctl Enthalpy o ... t .. ctn:Jt ·~he Correlation!) of 

~•o h.J\S Jn- Gr c1 yso·n (8) and K.esler-lce ( 9', 2H) 

Number Averctge £ nr:>tr, 
CJcll-Der1 ved liquid~ H i.!f ere n_c e of Points --~ t u/ 1 b10 

0 API Watson K 

Johnson- Ke5~e··-

.krJU'~ L.~:!i: 

West. kent Omid {2) }j -2.3 -1 .. ·6 21.8 10.9 

~ 
West. Kent. Dis t: Omid ( 2) 42 -3.9 -3·. 6 2tL 5 10. 1 

0\ 

Utah 01 st. ShiHfllcl ( 3) .33 -.11. 8 - L2. 1 29.4 10.8 

Synthoil Dis t. Andrew (4l 19 -36.4 - JS.. 7 . 13.2 10.0 

SRC-1 Naphlhct ~n d n"'~ ( 4 ) ( l AJ•l . ) 51. 2.9 4. 1 .. 49. 1 11.2 
This Study (i:orr.) 

1046 Nctphtha 1 h 1 s Study 29 - tL 1 -11. 1 41. 0 10.9 

Middle 0 is t. This Study 36 -24.9 -26o. 1 13. 5 9.9 

Petroleu111 ~:!·~0.1'~. ··---- lo•nnir-
AldSlr.cln Nd~•hth<.~ lliiJriu ( <'I• 1,1 AJil. 20 !:>.2 'l.. 1 !;0.5 11.6 

Omid [2)
1
(Lon.) 

K-erosene Cut n 2.9 1 ... 7 4J.!J 1l.H 

fuel ·(Ji I . ( rl) II 1.1 U_!, J.I.O 11. 1 

Gel!) (J i I Jb 1./ I .. !• J!>.J 1l.U 

Arom ... L i L r ... 11.hLh<~ 2U 4.'1 4 .. II 34. s 10.5 



Av~raye Error dS a Functio" of the Elementdl Andly~i~ and the P-0-N-~ Content 

Coal liquid 
Ave-ra•"e 
[rro•·,l:~ 

J-G 

West. Kent (2) £.3 

West. Kent. :list.3.9 
( 2) 

Utah Dist(3) 11.8 

Synthoi I Dist 36.4 
( 4) 

SAC-I Naphtha 2.9 
( 44-lhts Study) 

1046 oNaphthd 
(This Hud.d 

Middle Dist. 
(ThiS study) 

8. 1 

24.9 

K-l 

1.6 

3.6 

12. 1 

4. 1 

11. 1 

26.7 

c 
lHL 04 

H 

10.9li 

N 

0.92 

88.08 11.04 ·1.00 

73.82 9.68 1.08 

s 0 Pd ra­
tr in 5·o:·o 
55;0 

65.0 

~4.06 9.2U 1.40 0.13 5.26 26.0 

H4.37 12.98 0.14 0.34 2.17 25.2 

U5.24 12.36 0.66 0.34 1.4 69.0 

85.3J 9.05 1.32 0.15 3.95 38.0 

*O•ygen det~rrnined ty •itference (100A:- (C 't H tNt S)) 

Ole­
fins 
-r.s 

2.0 

4.0 

2.0 

1.0 

6.0 

1.0 

Naph. Aroma­
thenes tics 
i 2-:-5 35-:5 

9.9 33.1 

6.6 26.4 

33.8 38.2 

36.0 17.8 

<1.0 24.0 

26.2 ]4. 8 



olefins, naphthenes and aromatics in each of the coal 

1 iquids. As is evident, there does not seem to be any 

trend in the values of the absolute errors as a function 

of the above quantities. This is better apparent in 

Figures 15 & 16, where plots of the average error vs. 

nitrogen and aromatic contents, respectively, have been 

presented for illustration purposes. 

I t was or i 9 i n a 11 y be 1 i e v e·d that the hi 9 h 1 eve 1 of 

aromatics in coal-derived liquids would result in majo~ 

ptoperty differences between coal liquids and petroleum 

liquids. However, it appears that the presence of aromatics 

causes only a minor difference between the predicted values 

and the experimental data. This is best illustrated by 
.. , 

comparing the results for the aromatic naphtha petroleum 

liquid with the other results (Table 7 ). Also nf note is 

a comparison between the Western Kentucky distillate 

(average error 3.6 Btu/lbm) with the Utah Distillate (aver­

age error= 12.1 Btu/lbm). These two oils have virtunliy 

identical characterization properties ( 0 API and K) and yet, 

the correlation ~~arks well for the Western Kentucky disti1-

late but is marginal for the Utah distillate. 

The other major difference between coal liquids and 

petroleum liquids is the higher level of organic oxygen and 

nitrogen compounds in coal liquids. Since the experi~ental 

enthalpy data for the coal liquids, are higher than the 
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calculated enthalpies, this would be consistent with an 

association effect and an energy of association. Organic 

oxygen and nitrogen compounds are highly polar, and asso­

ciation such as hydrogen bonding is quite likel·y tn such 

fluids. Ordinarily, one would expect the effect of hydro­

gen bonding to increase with an increase in the amount of 

heteroatoms pre~ent in coal liquids. But, this in not 

tru~ in it~ own fight, stnce, for example. the hy~rogen 

bohding effects will depehd on ~hether the oxjgen prese~t 

in coal liquids is tied up in an ether linkage or a phen­

olic linkage. Moreover, the coal-liquids are a highly com­

plex mixture of very many different compounds and other 

·interactions, apart from hydrogen bonding~ also may very 

well be present. Furthermore~ the composition of the coal 

liquids, in terms ~f the heteroatomic content and aroma­

ticity, dep~nds prima~ily on the processing conditions used 

(2,9, 30·). Thus, it is clear that the 'problem of quantify­

ing th~ etlect 6f hydfo~en bonding in ~oal liquids is not 

a tr'ivial one. 

Tb furth~r ill~~trate the effect of associ~tion, com­

parisons were made between the Keslet-Le~ co~rel.ation and 

the experimental dat~ for ~everal model compounds. 

Detailed comparisons are present~d in Appendix II for 

benzene, 1-methylnaphthalene, m-xylene, n-pentanol, 
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n-hexanol and m-cresol. Some of the results of these com­

parisions have been presented graphically in Figures 9-14. 

As with coal-derived liquids, the calculated results are 

consistently lower than the experimental values. Averag~ 

errors for each compound are presented in Table 9. As can 

be seen, the error increases in going from monoaromatic 

to diaromatic,with the difference for benzene and m-xylene 

being somewhat greater t~an the results for the petroleum 

I iquids. However, the most significant differences are 

obtained for the alcohols and the phenol derivative, 

m-cresol, where significant amounts of association are 

known to occur. The gas chromatograph-mass spectrometer 

( .G C .M S ) a n a'l y s e s , p e r f o r me d by 0 r . C . V . P h i 1 i p o f t h e C h em i -

cal Engineering Department, Texas A & M University, on the 

coal-derived liquids indicate that they are relatively high 

in these phenol derivatives. To illustrate the effect that 

the presence of these heteroatomic compounds have on the 

enthalpy results, GCMS data for heteroatomics of each oil 

together with the average error, between correlation and data. 

are. presented in Table 10 and Figure 17. The GCMS results 

,re.ported are the normalized total heteroatomic percentage. 

It i5 ir(lportant to note, however, that the G01S results llldY 

not be extremely quantitative since, for most of the oils, 

there was a considerable percentage of non-identifiable 
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Table 9 

Average Differences Between Experimental Enthalpy Data 

and the Correlation of Kesler-Lee for Pure Compounds 

Number of Average Error 
Compound Data Points Btu/1 bm 

Benzene 28 4.9 

m-Xylene 60 4.5 

1-Methylnaphthalene 31 14.2 

n-Pentanol 14 75.5 

n-Hexanol 14 92.5 

m-Cresol 52 71. 5 
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Table 10 

Average Error vs Heteroatomic Content for Coal-Liquiqs 

Coal Derived Liquids 

'..Jest. Kent. 

~~~ e· s t . · K e n t . D i s t . 

s, R C - 1 Nap h t~ h a 

1·0 4 6~ Naphtha 

I ,ut'ah 01 s.t. 
I 

t·1 i d d 1 e D i s t . 

s y n· t h o 11 D i ~ t • 

' , 

' ' ' 

. i • 

I ' 

Average 
Btu/l bm 

1.6 

3.6 

4. 1 

11. 1 

12. 1 

26.7 

3 5. 7 
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compounds persent. In addition, if errors in the correla-

tion are a re~ult o( the energy of association, this 

energy would be a strong function of the heteroatomic type 

and distribution in an oil, as well as the total percentage. 

In any case, there does appear to be a distinct dependence 

o·f the amount ot heteroatoms present on the ability of the 

correlation to predict the measured enthalpy. By noting 

the good agreement obtained for the Western Kentucky and 

it~ distillati, it can at least be !aid that the corre1a­

tions work well for those coal-derived liquids that have 

a small perce.ntage of heteroatoms. Te1·.:ari, et al. (29, 

30) conducted viscosity and calorimetric studies on the 

interaction of c~inoline with heavy oils and asphaltenes 

derived from the same coal, but at varying process conai­

tions. Based on their measurements, they have suggested .. 

thottre increase in both the viscosity and the molar enthal­

pies of interaction of coal-liquids are, in part, owing to 

the effect of hydrogen bonding involving largely the aro-

matic, phenolic group,OH. Moreover, they have also shown 

that, in general, the molar enthalpy of interaction increa­

sed with an increased in oxygen content and decreased 

aromaticity. This is consistent with the high enthalpy 

values of the coal liquids. Hence, it is clear that the 
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enthalpy change is a strong function of the strength of 

molecular interactions in these systems which are, primar-

ily, attributed to the hydrogen-bonding affects. 

In summary, at this stage, it appears that associa­

tion of heteroatomic compounds in coal-derived liq~ids may 

cause the experimental enthalpy differences to be consider­

ably higher than the results calculated from correlations 

de v e 1 o p e d f o r non - p o .1 a r. pet r o 1 e u m de r i v e d, f 1 u i d s . The pre-

sence of high concentrations of aromatic compounds in coal­

derived liquids seems to cause a minor discrepancy between 

calculated and experimental enthalpies. Thus, to develop 
I 

an accurate method of calculating the enthalpy of coal-

derived liquids, some method of easily characterizing this 

degree of association in coal-derived liquids is necessary. 

This task is compounded by the fact that the major compou~d· 

type responsible for the association is organic oxygen; 

yet, in a standard elemental analysis, brgan1c oxyge~ is 

usually obtained by difference and often represents the 
' 

overall error in the analysis. Other possible methods of 

characterizing association include viscosity measurements 

and molecular weight determinations. These· are discussed 

i n the f o 1 1 ow i n g c hap t e r s . F i n a 11 y • on c e a rr. e an s o f c h,a r -

acterizing association is available, the effect it has on 
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enthalpy must eventually be incorporated into the petro­

leum correlations to make them suitable for application to 

coal-deri\ed liquids. 
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TABLE 1 

Compa1·ison of Experimental and Predicted 

Enthalpies for SRC-1 Nap h·t h a 

::,HJ-G, .:.HK-L .• ~ 
Pressure, Temp. , 

- Expt. 

P s ~a o- Btu/lbm Btu/lbm Btu/lbm 
r 

30 3 3 7. 2 ( v ) 2 7 9. 1 ~78.0 268.8 

30 362.6 ( v) 2 91. 6 284.9 281. 8 

30 420.4 ( v ) 321.4 318. 3 312. 5 

50 159.0 ( 1 ) 45. 7 4 5. 2 4 7. 2 

50 184.9 ( 1 ) 59.3 57.2 60. 1 

50 2 56. 5 ( 1 ) 99.3 98.3 100.5 

50 381. 0 ( v) 299.4 296.2 293.0 

50 412.2 ( v ) 315. 1 313. 3 310.7 

50 460.0 ( v ) 340. 1 338.6 336.4 

50 514.0 ( v ) 369.4 366.2 3 68. 7 

50 571.l.(v) 401. 7 401. 9 400.7 

100 218.4 ( 1 ) 78.0 78. 3 75.2 

100 266.5 ( 1 ) 105.6 104.9 1 OB. 3 

100 318. 5 ( 1 ) 13 6. 7 13 6. j 13 7. 7 

100 429.7 ( v) 320.8 310. 1 311. 6 

100 A64.4 ( v) 3 38. 1 334.2 3 31. 1 

100 4 9 7. 1 ( v ) 358.3 3 50. 1 353.0 

100 52 6. 5 ( v ) 3 7 3. 7 3 6 5. 1 372.6 

200 2 3 5. 3 ( 1 ) 87.7 33.3 83.1 

200 327.0 ( 1) 141. 9 143.3 141.9 

200 401.4 ( 1 ) 191. 6 191. 5 190.0 

200 522.4 (v) 363.8 357.3 361.2 

200 559.4 ( v) 386.8 382.3 384.6 
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TABLE 1 (cont.) .. 
Comparison of Experimental and Predicted 

Enthalpies for· SRC-I Naphtha 

oHJ-G, ~HK-L, LH 
Pressure, Temp., Expt·., 

Btu/lbm Btu/lbm B t u/1 b Psi a Of m 

300 259.0 ( 1 ) 101. 9 1 Q{). 4 102. 1 
300 307.e ( 1 ) 1 J 1. 2 129. 7 130.6 
300 385. 1 ( 1 ) 180.6 179. 7 180.5 
300 464.4 ( 1 ) 239.4 233.4 234.5 
300 5 38. 7 ( v) 36 7. 7 J53.G 35 9·. 8 

300 551. 6 ( v ) 3 7 l. 7 Jb~.~ 370.0 

300 575.6 ( v) 390.1 38 3. 7 39 3. 1 

500 415. 2 ( 1 ) 202.6 201. 2 19 9. 7 
500 475.3 ( 1 ) 247.~ 241.0 240.3 
500 632. 7 ( v) 413.4 ·406. 7 415.4 
500 650.6 ( v) 426.2 416.7 429.2 

900 so 1. 5 (f) ~6·2. 6 256.3 261. 9 
900 533.8 ( f) ~85.2 279.4 285.4 
900 599.2 ( f) 337.2 333.0 340.2 

1000 463.7 ( f) 239.0 2 31. 2 233.3 
1000 528.9 ( f) 282.1 274.0 282.6 
1000 603.5 ( f) 337.8 333.3 339.6 
1000 627.0 ( f) 358.0 355.5 358.0 
1000 655.3 (f) 381.8 381.4 385.1 
1000 683.4 ( f) 409.5 408.6 412. 7 
1000 719.0 ( f) 439.7 439.6 446.3 
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TABLE 1 (cont.) 

Campa rison of Experime·ntal and Pred1cted 

Enthalpies for SRC-1 Naphtha 

tHJ G .::.HK-L, ' H 
Pressur,~, Temp. , - l' - Expt. 

Btu/lbm B t u/1 b B t u/l b Psi a OF m . m 

1500 529.2 ( f) 280.8 273.6 280.2' 
1500 555.2 ( f) 299.3 292.5 300.3 
1500 578.4 ( f) 313. 3 309.7 314.9 
1500 625.9 ( f ) 351. 3 345.3 352.6 
1500 663.3 ( f) 380.3 376.0 380.4 
1500 689.1 ( f) 400.8 397.9 400.9 
1500 719.0 ( f) 424.2 421. 6 4 2 3. 1 
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TABLE 2 

Comparison of Experimental and Predicted 

Enthalpies for 1046 Naphtha 

100 Psi a ---
~HJ-G, ·"H . H 

Temp. , - K-L, ...... Expt. 
Btu/lbm Btu/l bm Btu/1 b OF m ---

208. 1 ( 1 ) 70.8 68.7 75.0 

234.4 ( 1 ) 84.7 82.5 90. 1 

256.6 ( 1 ) 97.6 94.4 10 3. 1 

279.2 ( 1 ) 109. 7 106. '9 115.4 

2 9 5. 1 ( 1 ) 11''. 5 115.8 126.4 

310.6 ( 1 ) 128 " 12 4. 6 13 7. 5 

324.3 ( 1 ) 1 j 6. j 13 2. 5 14 6. 1 

334.7 ( 1 ) 14 2. 6 138. '6 151. 1 

348.3 ( 1 ) 150.6 146.6 161. 9 

200 Psia ---
255.9 ( 1 ) 96.6 94. 1 101.8 

272.9 ( 1 ) 106. 7 103.4 111.6 

300 Psia ---
148. 2 ( 1 ) 37.8 38.6 41.7 

l 71. 5 ( 1 ) 49.3 so. l 54. 7 

185.0 ( 1 ) 56.6 56.8 62.3 

200.8 ( 1 ) 67.6 64.9 69.9 

213.8 ( 1 ) 74. 7 71. G 80.2 

242. 1 ( 1 ) 89. 7 86.6 96.3 

264.8 ( 1 ) 100.8 98.9 109.8 

289.0 ( 1 ) 115. 6 112. 4 124. 7 

64 



TABLE 2 (cont.) 

Comparison of Experimental and Predicted 

Enthalpies for 1046 Naphtha 

300 Psia -.---

~'\HJ-G, ~HK-l, t;H 
Temp., Ex pt. 

OF Btu/lbm Btu/lbm Btu/lbm 
-·--
296.6 ( 1 ) 120.6 116. 6 129.4 
329.3 ( 1 ) 138. 6 13 5. 4 149.0 
340.5 ( 1 ) 145.6 142.0 15 5. 3 
369. 1 ( 1 ) 162.8 159. 1 173.9 
385.6 ( 1 ) 173.8 16 9. 1 182. 1 
39 3. 7 ( 1 ) 178.8 1 7 4. 1 189.0 
408.9 ( 1 ) 18 7. 9 18 3. 5 201.6 
424.5 ( 1 ) 197.9 19 3. 4 210.0 
444.7 ( 1 ) 20 9. 9 206.3 224.2 
458.9 ( f) ~ l9. 9 215. 5 2 3 2. 1 
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TABLE 3 

Comparison of Experimental and Predicted 

Enthalpies for 878 Middle.Distillate 

130 Psia ---
~HJ-G, ~HK-L, 'H 

Temp. , ..... - Expt . 
OF Btu/lbm Btu/lbm Btu/lbm 

436.0 ( 1 ) 171. 0 169 .·0 199.5 
52 4. 1 (1") 221. 0 218.4 2 50. 7 

150 Psfa ---

15 7. 1 ( 1 ) 36.0 36.0 42.4 
1~5.6 { 1 ) 48.0 48.0 57.2 
217. 9 ( 1 ) 65.0 62·. 0 71.4 
2 55. 7 ( 1 ) 81.0 78.9 93.3 
280.2 ( 1 ) 93.d 90.3 105.9 
315. 7 ( 1 ) 110.0 10 7. 2 126.3 
326.8 ( 1 ) 115. 0 112. 7 132.9 
372.9 ( 1 ) 138.0 135.8 158.6 
399.7 ( 1 ) 152.0 149.6 175.3 
424.9 ( 1 ) 165.0 1n3.o 190.2 
444.3 ( 1 ) 17 5. 0 17 3. 5 200.1 
486. 1 ( 1 ) 198.0 196.7 228. 1 
511. 8 ( 1 ) 213.0 211. 3 243.6 
535.4 ( 1 ) 226.0 225.0 258.5 
565.5 ( 1 ) 244.0 242.9 279.8 
582. 1 ( 1 ) 254.0 253.0 28 7. 1 
609.6 ( 1 ) 2 71. 0 269.9 308.3 
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TABLE 3 (cont.} 

Compari-son of Experimental and Predicted 

Enthalpies fOr 8/8 ~1 i dd 1 e Distillate 

300 Psi a ---
~HJ-G, .:.H.K-L~- 'H 

Temp. , - Expt. 
o_F - B t u/l b Btu/lbrn Btu/lb. .m . m 

2 7 9. 1 ( 1 } 91.0 89.8 1·06. 9 

318. 9 ( l) 111. 0 108.-8 12 9. 1 

346.9 ( 1 } 125.0 12 2 •. 6 14.4.6 

3 7 2. 6 ( 1 ( 138.0 13 5. 6 159. 5 

4Q3.0 ( 1 ) 155.0 151.4 17 6. 1 

424.7 ( 1) 165.0 162.9 190.2 

456.0 ( 1 } 181. 0 179.9 207.8 

485.2 ( 1 } 198."0 19·6. 2 2 26. 1 

515.9 ( 1 } 215. o. .213. 7 246.8 

54 5. 7 ( 1 } . 2"3 3. 0 2 31. 1 265.6 

588.1 ( 1 } 258 .. 0 2·56. 6 2 91. 8 

1000 P3iil 
~---

408.5 ( 1 ) 156.0 154. 3 18 3. 7 

450.3 ( 1 } 178.0 176.8 2 0 7. 5 

488.6 ( I ) 2·00. 0 198. 1 230.8 

516. 7 ( 1 } 215.0 214. 2 2 4 7. 1 

555.8 ( 1 } 238.0 23L 1 272.0 

623.5 ( 1 } 280.0 278.5 316. 0 
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APPENDIX II 

, CO~P~RISCN QF EXPE~IMENTAL AND PREDICTED ENTHALPIES 

FOR MODEL COMPOUNDS 



TABLE 1 

Benzene 

~H expt. t~H K-L 
Temperature,~ Stull bm t)tu/lbm 

100 ~ 

250.6 ( 1 ) 83.2 81.8 

268.2 ( 1 ) 92.1 90.5 

276.2 ( 1 ) 94.4 94.4 

306.9 ( 1) 111. 2 109.9 

323.6 ( v) 262.3 258.4 

339.5 ( v ) 270.6 264.9 

397.9 ( v ) 296.3 2S9.7 

413. 1 ( v) 301. 9 2 9 3. 3 

400 ~ 

241. 9 ( 1 ) 7 9. 1 77.6 

286.9 ( 1 ) 102.8 99.8 

304.3 ( 1 ) 110.8 108.6 

335.3 ( 1) 12 7 .. 4 12 4. 7 

3 7 7 .. 6 ( 1 ) 151. 0 147.4 

385.2 ( 1 ) 15 5. 7 151. 6 

432.9 ( 1 ) 181.9 178. 5 

445.2 ( 1 ) 190.8 185.6 

4 51. 0 ( 1 ) 194.3 188.9 

475.8 ( v) 302.9 301.4 

486.8 ( v) 309.2 307.9 

4 98. 1 ( v) 316.9 314.4 

552.4 ( v) 354.5 344.3 
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-~~-..,.----------- ------- --- --·--------

-T A B L E 1 ( c o n t. } 

Benzene 

.:H expt. ~H K-L 
Temperature,°F Btu/1 bm Btu/lbm 

1000 Ei.l! 
359.0 ( 1 } 141. 0 137.3 
388.9 ( 1 ) 161. 9 15 3. 7 
407.Q ( 1 ) 168,'5 164.2 
504.7 ( 1 } 227.6 220.9 
520.9 ( 1 } 239.3 230.9 
563.8 ( 1 ) 2 71. 8 257.8 
575.6 ( 1 ) 283.8 265.3 
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TABLE 2 

m-Xylene 

Temperature,°F 
~H expt. LH K-l 
Btu/lbm Btu/lbm 

~ P.U! 
14 7. 5 ( 1) 34.3 36.2 

17 3. 9 ( 1 ) 46.9 48.5 

196.9 ( 1 ) 56.8 59.5 

244.9 ( 1 ) 79.6 83.4 

291. 8 ( 1 ) 10 3. 5 107.8 

318. 5 ( 1 ) 117. 6 122.2 

346.4 ( 1 ) 13 2. 7 13 7. 7 

3 72. 1 ( 1 ) 14 5. 6 15 2. 3 

402.2 ( v ) 2 91. 1 286.5 

420.9 ( v ) 2 9 7. 1 295.4 

439.5 ( v ) 305.3 304.4 

465.9 ( v ) 323.0 31 7. 5 

5.14. 7 ( v ) 3 4.4 . 6 342.2 

561. 3 ( v ) 366.3 366.6 

610.8 ( v ) 3 94 0 1 393.5 

250 ~ 

320. 1 ( 1 ) 117. Q 12 3. 1 

3 91. 0 ( 1 ) 15 6. 5 16 3. 5 

406. 1 ( 1 ) 164.5 1 7 2. 1 

432.9 ( 1 ) 181. 5 188. 1 

446.9 ( 1 ) 188.8 196.6 

480.9 ( 1 ) 212. 2 217. 8 

486.2 ( 1 ) 215. 0 221. 1 
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Table 2 (cont.) 

m-Xylene 

Temper a t u r e , _° F 
t.H expt. 6H J< .. L 
Btu/lbm Btu/lbm 

250 ~ 

508. 1 ( 1 ) 23o.a 2 3 5. 1 

528.6 ( 1 ) 240.2 248.4 

~.30.5 ( 1 ) 24"1. 8 2~9.6 

544.0 ( 1 ) 2; 2. 1 258.5 
546. 7 ( 1 ) 2~3.4 260.3 
553.7 ( v ) 348.4 345.9 

560.7 ( v) 357.3 350.1 

581.0 { v ) 36 2 ~ 1 .362.4 

60~!2 ( \1 ) 374.9 375.7 

614. 7 ( v ) 3a4,9 3f32.6 

6 31. 7 ( v ) 393.4 392.8 

680.3 ( v ) 42~.8 422. 1 

5 00 £.£!...! 

388.8 ( 1 ) 156.4 161. 9 

450.6 ( 1) 191. 9 198.9 
475.2 ( 1 ) 2 07. 1 214.2 

528.6 ( 1 ) 241.9 248.4 

549.7 ( 1 ) 260.4 262.3 

568.1 ( 1 ) Z77.6 274.6 

589.5 ( 1) 2~4.0 289.1 
6~5.9 ( v) j77.8 379.4 

661. 7 ( v) 385.2 385,3 

684.1 ( v) 413. 7 403.9 

693.9 ( v) 419. 1 411. 2 
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Table 2 (cont.) 

,· 

m-Xylene 

i:.H expt. .:H K-L 
Temper a t u r_e • ° F Btu/lb rr. Btu/lb m 

1000 ~ 

421. 2 (· 1 ) 17 6. 1 181. 1 
464.0 ( 1 ) 2 01. 0 207.2 

521. 9 ( 1 ) 2 3 5. 1 244.0 

560.8 ( 1 ) 266.9 269.7 
I 

575.6 (1) 274.3 2 79. 7 

624.2 ( 1) 311. 8 31 3. 2 

659:7 ( 1 ) 3 38. 5 3 38. 5 

697.6 (1") 373.8 366.2 

1500 psia 

. 55 5. 3 ( 1 ) 267.0 266.0 

603.0 ( l) 297.8 298.4 

627.3. ( 1 ) 319. 5 315.4 

63G.O ( 1) 32 4. I 3 2l. 5 

669.5 (l}_ 35 5. 3 345.6 

690.5 ( 1 ) 368.6 360.9 
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Table 3 

!-Methyl-Naphthalene 

Zi .e2...!.! 
Temperature, OF ~H expt ~HK-l 

Inlet Stull b Btu/lb 

449.8 ( L } 174.0 167.4 

55 9. 1 ( L ) 2 34. 1 226.9 

566.8 ( L ) 2 3 7. 1 231.3 

57 5. 5 ( L ) 250.5 23f5. 3 

G lG. 1 ( L ) 2~8.0 ?tin.o 

651. 1 ( v) 411. 2 374.8 

679.7 ( v } 422.4 389.4 

686. 5 ( v ) 423.9 392.9 

728.9 ( v ) 44 3. 1 415.0 

739.0 ( v ) 44 9. 1 420.3 

100 ~ 

22 3. 9 ( L ) 63.5 61.2 

269.0 ( L) 84.3 80.6 

328. 3 ( L ) 112. 5 10 7. 5 

3ib.U ( L) 135.0 iJO. 3 

417. 9 ( L } 15 6. 7 151. 1 

452.4 ( L) 176.0 168.8 

501. 9 ( L } 201. 5 1 9 5 . 1 

5 54. 7 ( L) 2 31. 5 224.4 

588. 1 ( L ) 252.4 243.6 

619. 7 ( L } 270.5 2 62. 1 

659.2 ( L ) 296.9 286.0 

689.8 ( v) 422.3 392.4 

730.9 ( v ) 442.4 414. l 

754.2 ( v) 453.9 -126.5 
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1 - Me t h y 1 ;.. N a p. h t h a 1 e n e 

470 ~ 

Temperature, OF 

Inlet 

584. 1 ( L ) 

628.3 ( L) 

659.9 ( L) 

688.0 ( L) 

690.0 ( L ) 

72l . 1 ( L) 

739.9 ( L) 

Table 3 (cont.} 

~Hexpt 
Btu/lb 

250.7 
276.9 

298.9 
312.9 
317.0 
340.0 
351. 0 

75 

,~H K -L 

Btu/ll) 

241. 2 
267.3 
286.4 
303.8 
305.0 
324.1 
336.8 



Table 4 
m-Cresol 6H expt t.HK-l 

Temperature, OF Btu/lbm Btu/lbm 

200 £.U! 

532.2 { 1 ) 2 75. 1 204.4 

564.3 { 1 ) 299.0 2·21. 9 

535.9 {1) 306.4 233.9 

597.6 { 1 ) 314.6 240.5 

604.7 { 1) 317.8 244.5 

615.6 ( 1 ) 332.6 2 50. 7 

6~2.8 ( v) 480.6 403.4 

674.6 ( v) 494.3 420.5 

638. 1 ( v) 504.6 429.4 

702. 1 ( v ) 512.8 438.8 

716. 7 ( v ) 525.0 448.5 

724.0 ( v ) 521. 2 4 53. 5 

748. 1 { v) 528.2 469.8 

74 9. 5 ( v ) 529.4 470.8 

250 lil! 

206.6 ( 1) 76. 1 52. 1 

277.8 { 1 ) 117. 0 81.6 
304.6 { 1) 130.0 93.2 

3.18. 8 ( 1 ) 136.3 99.5 

3 6 2. 1 ( 1 ) 163.6 119. 2 

370.9 ( 1 ) 166.9 12 3. 3 

413. 5 ( 1 ) 19 5. 3 14 3. 7 

4~4.J ( 1 ) 221.4 16 3. 9 

474.9 ( 1) 235.6 . 17 4. 4 

537.9 { 1 ) 274.3 207.5 

548.8 ( 1 ) 283.6 213.4 
563.7 ( 1 ) 296.8 221. 6 
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Tab 1 e 4 (cont.) 

m-Cresol t.Hexpt. tHK-l 

Temperature, OF Btu/lbm Btu/lbm 

250 ~ 

591. 0 ( 1 ) 309.2 236.8 

600.3 ( 1) 314.6 242.0 

605.4 ( 1) 318.9 244.9 

612.2 ( 1 ) . 326. 7 248.8 

629.3 ( 1 ) 340.7 258.-6 

661. 6 ( 1 ) 363.4 2 7 7. 5 

678.7 ( v ) 498.4 417. 6 

698.4 ( v) 503.9 431. 4 

720.8 ( v) 514.8 447.0 

727.0 ( v) 522.7 ·151. 3 

744.6 ( v) 539.6 463.6 

1000 E.ili 
499.9 ( 1 ) 254.2 18 7. 3 

549. 1 ( 1 ) 289.3 213. 6 

605. 1 ( 1) 322.6 244.7 

621. 6 ( 1 ) 332 .. 8 2511.2 

642. 3 ( 1) 347.0 266.2 

661. 6 ( 1 ) 362.4 2 7 7. 5 
. I 

7 3"9. 1 (0 424.3 324. 7 

1500 ~ 

47 8. 7 ( 1) 237.3 176.3 

525.8 (1) 2 71. 4 201. 0 

575.7(1) 308.6 228.2 

628.3 (1) 346.4 258.0 

687.4 (1) 388. 1 292.9 



----------- ---- ------

Table 4(cont.) 
m-Cresol 

6Hexp 6H K-L 

Temeerature, OF Btu/lbm Btu/1 bm 

705.9 ( 1 ) 403.4 304.2 
71 7. 2 ( 1 ) 411. 4 311. 1 
7 2 7. 6 ( 1 ) 426.3 317. 5 
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Table 5 

n-Pentanol 
.JHexpt (23 ) t.H K-L 

Tem~erature OF Btu/lbm Btu/lbm 

150 .e2...i! 

349.9 ( L) 209.5 149.8 
4 38. 5 ( L ) 2 7 7. 7 205.4 
445.7 ( L ) 28 7. 0 21 0. 1 
459.8 ( v ) 442.4 316. 1 
499.2 ( v ) 469.6 3 3 9. 7 
55 9. 5 ( v ) 507.4 3 7 6. 3 
590.6 ( v) 527.0 395.4 
615.2 ( v ) 54 5. 1 410.8 

-+00 ~ 

3 54. 1 ( L ) 210.8 15 2. 3 
3 57. 5 ( L ) 211. 9 154.4 
409.6 ( L) 254.4 186.8 
489.2 ( L ) 3 21. 6 2 3 9. 1 
510.7 ( L ) 338.8 Z53.8 
:i49.6 ( L ) 368.9 2 81. 1 
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Table 6 

n-Hexanol 

uHexpt(23) LH K-l 

Temperature OF Btu/lbm Btu/lbm 

200 p s i·a 

389.3 ( l ) 232.6 174.6 

4 54. 1 ( L) 285.2 216.4 
525.0 ( l ) 343.0 264.7 
558.4 ( v) 481. 6 366.3 
570.2 ( v ) 491. 3 3 7 ~. 1 
597.8 ( v) 509.0 392.2 
620. 1 ( v ) 527.2 406.8 
638.2 ( v) 536.6 418.6 
648.7 ( v ) 546.3 425.5 

400 ~ 

389.6 ( L ) 234.9 174.8 
494.9 ( L ) 318.0 243.9 
550.0 ( L ) 3G2.9 282.4 
574.3 ( I. ) 3 E'.l • ·1 299.9 
600.2 ( L ) 408.4 319,0 
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