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DOWNFLOW BOILING OF n-BUTANOL 
IN A UNIFORMLY HEATED TUBE 

Graham F. Somerville 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 

October 29, 1962 

ABSTRACT 

Local heat-transfer coefficients and two-phase total-pres

sure drops were measured for the forced-conv~ection boiling of n

butanol in electrically heated .tubes having an inside diameter of 

0.4670 in. and heated lengths of 5.69 and 4.10 ft respectively. Heat 
4 4 2 

fluxes ranged from 2.8 ... 10 to 6.6· 10 Btu/h-ft and mass fluxes from 
2 

136 to 440 lbm/ sec ft , Exit qualities up to 31 o/o were obtained at pres-

sures between 16.9 and 50.0 psia. Measured heat-transfer coefficients 

I 2 0 
ranged between 2,000 and 10,000 Btu h-ft - F. 

The boiling heat-transfer data were compared with previous 

correlations that had been based on the water-steam system. A new 

boiling heat-transfer correlation was derived having the form 

St = 0.9005 Rel0.286 x;t0.292Bo0.191Pr_e0.233; 

it was successful in correlating data for both water and n- butanol to 

within ±30o/o. 

Local two-phase total-pres sure gradients which ranged up to 

8 psi/ft, have been successfully correlated by the method of Schrock 

and Grossman. Local two-phase frictional-pressure gradients have 

been obtained and compared with previous results for the water-steam 

system. 
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L INTRODUCTION 

A. General 

The phenomena of heat transfer to boiling liquids has been the 

subject of several experimental and theoretical studies during the past 

decade. The ability of boiling systems to remove large quantities of 

heat has stimulated interest in this field of heat transfer. In single

phase heat transfer, the heat flux is proportional to the first power of 

the temperature difference. However, in heat-transfer systems with 

a change of phase the heat flux may be proportional to the fourth power 

of the temperature difference. 

The majority of the experimental investigations, and almost all 

of the theoretical studies, have been concerned with the boiling of sat

urated or subcooled liquids on surfaces submerged in pools. How

ever, a considerable amount of experimental work has been carried out 

on the forced-convection heat transfer to two-phase systems with net 

generation of vapor. In this latter area the majority of the experi

mental work has dealt with heat transfer to steam-water mixtures 

over a wide range of heat flux, mass flux, vapor quality, and pres

sure s. Circular, annular, and rectangular eros s sections have been 

examined in upflow, downflow, and horizontal-flow systems. 

Systems other than steam-water have not been examined in 

detail. Studies on the natural-convection boiling of organic liquids 

and on the forced-convection boiling of refrigerants are available. The 

main objectives of this work have been the measurement of heat

transfer coefficients and pressure drops during the forced-convection 

boiling of n- butanol. It was hoped that employing a system having 

physical properties different from.water would permit determination 

of the effect of the fluids physical properties on the forced-convection 

boiling-heat -trans fer coefficient. 
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B. Forced- Convection Vaporization 

During the forced-convection vaporization of a fluid stream 

flowing in a closed channel three regimes of heat transfer have been 

postulated: 

1. A nucleate boiling region characterized by bubble growth 

and nucleation at the heat-transfer surface. Here the heat-transfer 

mechanism is a combination of nucleate boiling, characterized by the 

heat flux, and forced convection, characterized by the mass flux. 

2, A convection-controlled regime wherein the heat-transfer 

coefficient is relatively independent of heat flux but dependent on the 

mass flux and the vapor quality. 

3, A regime characterized by liquid deficiencies at certain 

locations along the wall. This occurs when the vapor mass fraction 

becomes so large that the liquid film on the wall is removed. This 

regime is commonly known as the transition and film-boiling region. 

This investigation is concerned with heat transfer in only the first 

two regimes. 

Whichever regime is considered it is characterized by a ther

mal entrance region. When a fully developed turbulent flow of an 

isothermal liquid or liquid-vapor mixture enters a heated section, a 

certain length is required to establish a thermal gradient within the 

fluid. This length, called the thermal entrance length, is character

ized by heat-transfer coefficients which vary from very large down 

to the fully developed value. It is unlikely that coefficients in this 

entrance region are typical of the region where the fully developed 

h 1 d . . 1' 2 t erma gra 1ent ex1sts, 

For flow of a two-phase mixture this entrance phenomenon 

occurs in conjunction with the vaporization process, and although this w' 

overall effect is not known there must be an entrance phenomenon 

that is not characteristic of the heat-transfer mechanism occurring 'f' 

in the region of fully developed thermal gradients. Wright has noted 
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that although this phenomenon has not been mentioned in previous work 

on forced-convection boiling, its existence should be recognized and 

experimental data examined in the light of its possible presence. 
3 

C. Previous Work in Forced-Convection Boiling 

The two-phase flow of fluids with net vapor generation is an 

extremely complex problem. The flow mechanism encountered in 

isothermal two-phase flow is not completely understood; when a phase 

change due to heat transfer is superimposed upon this flow the analytic 

complexity of the problem becomes unmanageable. As a consequence 

most of the previous work in this area has been experimental. 

Sterman has presented an analysis of the appropriate dimension

less groups for forced-convection boiling. 
4 

By applying the theory of 

similarity directly to the one-dimensional forms of the differential 

equations for the momentum and energy balances together with the 

boundary conditions at the wall and between the wall and the bulk 

boiling liquid, Sterman was able 'to obtain the functional form 

hfg 
v 2 

Nub f [ Re , Fr , Pr, h :.} , 
. f 

= CT' hfgg ' fg fpg p b 
"\ 

(I-1) 2 
vf ft- pg :: J. -- -p-' g ' 

f 

For the range of variables covered by most experiments this list re

duces to 

q p v ] g g 
P£' Vf. (I- 2) 

To this list the quality x should be added. Martinelli and Nelson 
5 

have shown that the volumetric vapor and liquid fractions- -which are 

simply related to V g/Vf, pg/Pf' and the quality--are dependent on the 
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pressure and the Martinelli parameter, Xtt" [The parameter Xtt 

was originally introduced by Lockhart and Martinelli for the correlation 

of two-phase two-component, isothermal pressure-drop data. 
6 

Its 

possible use as a correlating parameter for two-phase heat transfer 

data was suggested at that time. It is defined by 

xtt = (::f5 (::r ( l:x )0.9. (I- 3) 

The subscript tt refers to the turbulent-turbulent nature of the flow 

pattern for the vapor and liquid phases, ] Thus Eq. (I- 2) might be re

duced to 

Nub = f [Re, Pr, h .J , Xtt] 
fg fpg 

(I-4) 

This approach has been used by Schrock and Grossman. 
7 

Several of the experimental reports on the subject of forced-

convection boiling are summarized below, There have been attempts 

to extend pool boiling and one-phase forced-convection heat-transfer 

correlations to this area; however, these have generally been un

successful. In view of the radical physical departure of forced-con

vection boiling from either of the two aforementioned areas, this is 
. . 8 

not surpr1s1ng, 

l. Dengler; Dengler and Addams 

Dengler studied the heat transfer to water-steam mixtures in 

an upflow system employing a l-in. i. d. copper tube 20 ft long, 9 ' 
10 

Five closely spaced steam jackets were used as a heat source; the 

amount of condensate collected was a measure of the heat flux. Pres-

sures ranged from 7,2 to 40 psia; 
4 

Mass fluxes ranged between 3,10 

I 

qualities varied between 0 and 100%, 

and 2,10 5 Btu/h-ft 2 . The heat-

transfer coefficients obtained were not true local coefficients, but 

rather an average value taken over the 3-ft-long heated jacket. 

,) 

v 
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The authors suggested that below the. dry wall condition the 

local heat-transfer coefficients are dependent on the combined influence 

of a nucleate boiling and a forced-convection mechanism. As the mass 

flow rate is increased the nucleate boiling mechanism is suppressed 

and the forced-convection mechanism becomes dominant. .For the 

region of suppressed nucleate boiling, the latter region, a correlation 

of the form 

hb 3 5 X -0.5 
h = 0 tt 

0 
(I- 5) 

was found to correlate 85o/o of the purely convective data to within 

±20o/o. The region of suppressed nucleate boiling was defined as that 

region for which the value of Xtt is less than 4. The heat-transfer 

coefficient for liquid flow, h
0

, is calculated from the Dittus -Boelter 

equation 
k 

h = 0 023 _l_ R O. 8 P 0.4 0 . D ... eT r 1 
1 

(I- 6) 

The physical properties are those of the liquid and are evaluated at the 

local saturation temperature. 

In the entrance region of the test section, where the linear 

velocities were low, values of the heat-transfer coefficient greatly 

exceeded those predicted by Eq. (I-5). The authors postulated that 

this was the region in which the nucleate boiling mechanism was dom

inant. A temperature difference to initiate nucleate boiling, .6.T., was 
1 

defined as 

rGV J0
·
3 

.6.T. = 10 l--f 
1 af 

(I- 7) 

This was applied as a criterion for nucleate boiling and incorporated 

into an empirically developed correction factor, F, given by 

[ ( 

D J 0.1 
F = 0.673 (Ll.T - Ll.Ti) ~~)sat ai (I- 8) 
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The factor was employed only when it exceeded :unity. Although its 

physical significance is not apparent, it was successful in reducing 

the scatter of the data in the nucleate boiling region. 
3 

Wright has suggested that thermal entrance effects may form 

a more plausible explanation for the large heat-transfer coefficients 

observed in the entrance region than the mechanism suggested by 

Dengler. 

Z. Mumm 

Mumm measured local heat-transfer coefficients to water in an 

electrically heated horizontal 0.465-in. -i. d. stainless steel tube 7 ft 

long. 
11 

. Coefficients were obtained over the quality range 0 to 60% at 

operating pressures between 45 and ZOO psia. Heat fluxes ranged 
4 5 z 

from 5·1 0 to Z. 5 · 10 Btu/h-ft and mass fluxes between 70 and 

·; z ZOO lbm sec-ft . For qualities less than 40% the local coefficients 

could be correlated by 

with a standard deviation of ±10%. 

The quanti ty(~6 00 qGhfg} called the boiling number, Bo, was 

first introduced by Davidson. lZ It may be interpreted as a measure 

of the suppression of nucleate boiling; as the heat flux is increased, nu

cleation is increased; as the mass flux is increased, nucleation is sup

pres sed. Thus nucleate boiling would be more likely at high values of 

the boiling number. All investigators have reported an increase in the 

heat-transfer coefficient with heat flux at constant mass flux ~nd quality, 

indicating that nucleate boiling contributes to the overall heat-transfer 

mechanism. 

t.! 
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3. Schrock and Grossman 

Schrock and Grossman measured local heat-transfer coefficients 
. . fl . 7,13 

to steam-water m1xtures 1n an up ow system. Tube inside dia-

meters were 0.1162, 0. 2370, and OA31 7 in. , with lengths varying from 

15 to 40 in. Mass fluxes varied from 49 to 911 lbm/ sec -ft
2 

and heat 
4 6 2 

fluxes from 6·10 to 1.45·10 Btu/h-ft .. Pressures ranged from 42 to 

505 psia for exit qualities up to 59o/o. 

During the initial stages of the project the data were correlated 

in two regimes. For low qualities, when a nucleate boiling mechanism 

was thought to predominate, the correlation was 

(I-10) 

At higher qualities a vapor core-liquid annulus type of flow was postu

lated and the data were correlated with the aid of the Martinelli par-

ameter 

hb 2 5 x-0.75 
h£ - . tt (I-ll) 

Here h,e is the local nonboiling liquid heat--transfer coefficient that 

would be obtained from the Dittus -Boelter equation if the liquid in the 

two-phase mixture were considered flowing alone and filling the tube. 

In the final stages of their work, the authors modified their 

correlation to include both regimes in a single expression. Postu

lating that the heat-transfer mechanism is a combination of a nucleate 

boiling mechanism and a forced-convection mechanism .• the authors 

used the boiling number and the Martinelli parameter to express these 

contributions: 

Nub - . . . -4 -2/3 
0 . 808 173 - 170 [Bo + 1.5 10 xtt ] 

Re 1 Pr .£ 
(I-12) 

This expression correlated data in both regimes to ±35o/o. 
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4. Bennett, Collier, et al. 

These authors obtained coefficients for local heat transfer to 

a steam-water mixture in upflow, electrically heated annuli. 
14 

The 

latter consisted of precision-bore glass tubes, 29 in. long, in which 

there was a coaxial stainless steel tube. Two sizes were employed, 

having 0.375- and 0.623-in. o. d. steel tubes inside 0.552- and 0.866-

in. i. d. glass tubes, respectively. Exit qualities up to 60o/o were 

measured at essentially atmospheric pressures. Heat fluxes ranged 
4 5 2 

between 3·1.0 and 2.2·10 Btu/h-ft and mass fluxes from 14 to 61 
2 

lbm/sec-ft . 

The authors suggested that at qualities between 7 and 15o/o the 

heat-transfer mechanism changed from a nucleate boiling to a convec

tive one. In the former region the heat-transfer coefficient appeared 

to be dependent upon the heat flux, whereas the effects of mass flux 

and quality could not be determined. 

In the latter region the data for both test sections were correlated 

satisfactorily by the expression 

h 
__!?__ • [ ] -0.11 = O 64 X -0.74 
h q . tt 

1, 
(I-13) 

D
0

-Di was used as an equivalent diameter, The experimental values 

were correlated to within ±15o/o for the smaller test section and ±ZOo/o 

for the larger section. 

Beyond a quality of 65o/o the heat-transfer coefficient was found 

to decrease and approach the value given by the dry steam coefficient. 

5. - Wright; and Sani 

Both authors measured local heat-transfer coefficients in the 

downflow forced-convection boiling of water in electrically heated 

tubes. 
3

• 
15 

Tube inside diameters were 0.719 and 0.472 in., with 

lengths of 5.67 and 4.69 ft, respectively. Mass fluxes ranged from 
2 2 

110 to 700 lbm/ sec -ft and heat fluxes from 13,800 to 88,000 Btu/h-ft . 

Qualities ranged up to 19o/o for pressures between 15 and 70 psia. 

tJ 
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The authors found that their data could be correlated by an 

equation similar in form to that proposed by Dengler 9 or Schrock and 

Grossman; 
7 

however, the experimental coefficients differed. Using 

a form suggested by Dengler, Wright and Sani obtained 

hb 2 43 X -0.562 
h

0 
- · tt (I-14) 

with a standard deviation of ±15. 3o/o. Using the form suggested by 

Schrock and Grossman, they obtained 

Nub -4 -2/3 
0. 8 l/ 3= 320 [Bo + 1.5·10 Xtt ] 

Re.R, Pr.R, 
(I-15) 

with a standard deviation of ±21. 3o/o. 

Later Wright correlated the data with equations having the 

general skeletal form 

His experimental data were correlated with the least error by an 

equation of the form 

St = 0 003377 R 0.1 06B 0. 296 x-0.457 p 0.4 
. e 1. om tt r i. 

or 

h = 4 192 R 0.455 0.289 0.379p 0.4 
b · el q x ri. 

(I- 16) 

(I-1 7) 

(I-18) 

The standard deviation of the former correlation was ±9. 5o/o and that 

of the latter ±12.9o/o. 

Wright suggested that a modified boiling number, Bo , de
m 

fined by 

Bo = Bo · m 

pf 

pg 
(I-19) 

might be a more successful correlating parameter than the boiling 

number. The modified form introduced a strong pressure dependence 

and was found to be a more successful parameter for correlating his 

data than the original boiling number. 
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6. Davis and David 

These authors investigated the heat transfer to water-steam 

mixtures flowing in an electrically heated horizontal duct of rectangu-

lar cross section. 
16 

The test section was 0. 769 in. high by 0. 260 in. 'J' 

wide and had a heated length of 6.0 in" Measurements were made for 

qualities between 30 and 90% at pressures between 25 and 150 psia. 
4 5 2 

Heat fluxes ranged from 6·1 0 to 2. 5o 10 Btu/h-ft , and mass fluxes 
2 

from 13.9 to 16 7 lbm/ sec -ft " 

The investigators were primarily concerned with heat transfer 

in the region where the forced-convection mechanism was dominant. 

The data were correlated by two different methods. Assuming a sep

arated-annular-flow model, the following correlation was proposed: 

(
pf )0.28( DC~ G )0.87 0.4 = 0. 0 6 0 - Pr ~ . 
pg f.Lf 

(I-20) 

The authors' data were correlated to within ±20o/o and, in addition, 

data of Dengler 9 and Kvamme 
17 

were correlated to within ±20o/o. 

The second approach employed a homogeneous model and 

assumed that the heat-transfer coefficient was dependent on the 

Reynolds number of the core and the physical properties of the liquid 

adjacent to the wall. They suggested a correlation of the form 

h D (D G) 0"87 
b e = 0.033 _e_ Pr0 .4 , 
k.£ f.LtP' ~ 

(I-21) 

which was successful in correlating their data to within ±20o/o. 
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7. Sterman, Morozov, and Kavalev 

The authors describe forced-convection boiling work carried 

out in the U.S.S.R., and present data for the boiling of water up to 

90 atm. and for the boiling of 95% ethanol at 2 atm. 
18 

The test sections 

employed were approximately 4. 7 in. long and 0.63 in. in diameter. 

Heat fluxes up to 179,000 Btu/h-ft
2 

were produced by electric heating; 

superficial velocities ranged from 6 to 10 ft/sec. No indication was 

given as to the magnitude of the mass vapor fraction. Volumetric 

vapor fractions varied from 0 to 27o/o, although no mention was made 

of how these were measured. At the low pressures employed the mass 

vapor fraction could easily have been less than 1 o/o. 

Local heat-transfer coefficients for both fluids were correlated 

by the relation 

(I- 22) 

where V 
0 

is the superficial velocity. The authors report that there 

was no increase in heat-transfer coefficient with increasing vapor 

fraction. In the light of results obtained by other investigators it 

would appear that their data were taken at very low values of vapor 

mass fraction. 

8. Natural- Circulation Boiling of Organic Fluids 

Guerrieri and Talty presented data for the natural-circulation 

boiling of several organic liquids in a vertical tube at low heat fluxes 

(up to 17,400 Btu/h-ft
2

). 
19 Local heat-transfer coefficients were cor

related in a manner similar to that of Dengler: 

hb 3 4 x-0.45 
h£ - 0 tt 

(I-23) 
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A correction factor for nucleate boiling was introduced, based 

on the minimum radius of a thermodynamically stable bubble for a 

given. degree of superheat, r *, and the thickness of the laminar layer 

of liquid along the wall, Oo This correction factor had the form 

>:<]-5/9 
N .. B. C. F. ~ 0.187 [ ;- . (I-24) 

>~ I 

When r 16 exceeded Oo 049 it was physically interpreted to mean that 

the flow velocity near the wall was large enough to prevent nucleationo 

9o Forced- Convection Evaporation of Refrigerants 

In a recent paper Altman has summarized previous work in 

this field and presented some new datao 
20 

The data were taken at 

relatively low mass fluxes (less than 150 lbm/sec-ft
2

) and heat fluxes 
2 

(less than 20,000 Btu/h-ft )o Mass vapor fractions greater than 90o/o 

were common; however, the difference between the inlet and outlet 

qualities was usually less than 15o/oo 

An equation of the form 

L 
J L\xLhfg J 0 0 3 7 5 ' 

Nub = Oo0225 [ReT] 
0

" 
7 5 (I-25) 

has been used to correlate the existing data for average heat-transfer 

coefficients; L\x refers to the change of vapor fraction x over the test 

section length Lo 

,/ 
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D. Pressure Drop in Two-Phase Flow 

The total-pres sure gradient in two-phase flow with net gener

ation of vapor is the sum of three contributions: losses due to friction, 

losses due to momentum changes, and losses (or gains) due to the 

hydrostatic head of fluid in the flow channel. Each of these losses may 

be considered independent of the others although the latter two are 

closely related to the holdup. 

It is possible to estimate the frictional losses in a boiling system 

from studies dealing with adiabatic two-phase flow. However, the mo

mentum and hydrostatic-head losses are both dependent on the relative 

velocities of the two phases and the fraction of the flow channel occupied 

by each phase. These quantities were not measured in this experiment, 

nevertheless it was hoped that published correlations of the liquid hold

up could be utilized to determine the magnitude of the momentum and 

hydrostatic head losses. 

As the measurement of two-phase pressure gradients was not 

the primary purpose of this investigation, only total-pressure measure

ments were taken. Thus it has not been considered worth while to 

undertake a complete review of all the previous work in this area. How

ever, in the following sections some of the more important publications 

have been discussed. 

1. Frictional Losses 1n Two-Phase Flow 

There have been numerous publications on the magnitude of 

the frictional losses occurring during isothermal two-phase flow. 

Several of these have been reviewed by Lottes and Marchaterre. 
21 

The major portion of this work has been experimental, although some 

theoretica-l papers have appeared. Unfortunately predictions made 

from these latter papers have been found to be valid only over a small 

range of vapor mass fractions. Thus the more successful approaches 

have been empirical. 
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One of the. earliest but still most quoted papers is that of 

Lockhart and Ma~tinellL 6 
For the horizontal flow of a variety of dis

similar fluids they correlated the isothermal two-phase friction losses 

to within ±30%0 Their results were presented graphically by using 

two parameters, <1>1 and Xtto The former is defined by 

(
(dP/dl) )l/2 

- tpf 
<!>1 - (dPfdl) f 

(I- 26) 

··and is the square root of the ratio of the two-phase frictional-pressure 

gradient to the pressure gradient that would be obtained if the liquid 

phase were flowing alone, Later data by Jenkins' indicated that the 

mass velocity might be an important parameter that is overlooked in 

the Lockhart-Martinelli correlationo
22

In a recent paper Hughmark and 

Pressburg have presented an empirical correlation for two-phase 

frictional-pressure losses which was successful in correlating their 

own and other experimental data to within ±15%. 
23 

2. Holdup Data in Two-Phase Flow 

The approach to the prediction of the density and volume 

fractions of two-phase mixtures has been of necessity almost completely 

empiricaL Lockhart and Martinelli obtained liquid holdup data at 

atmospheric pressure for several liquid-vapor systems and correlated 

these data as a function of Xtto 
6 

T.1.ey also presented an extension of 

their correlation to the regions of higher pressure. Dengler reported 

measurements for the steam-water system at atmospheric pressure. 9 

These data were also correlated with the aid of the Martinelli parameter. 

Ibsen obtained volume fraction data for the steam-water system in both 
24 

horizontal and vertical flows over a wide range of pressures. He 

reported that the velocity ratios were a function of mixture quality 

and pressureo In a recent publication Marchaterre and Petrick have 

summarized the pertinent information derived from several experi-

d 25 d . . 1 mental stu ies. Hughmark and Pressbu~g have presente an emp1r1ca 

correlation for the liquid holdup in two-phase systems based on their 

. 1 d 23 own expe r1menta a tao 

.· 
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3. Total-Pressure Gradients in Two-Phase Flow 

By introducing a. correction to account for changes in momentum, 

Martinelli and Nelson were able to extend the correlation by Lockhart 

and Martinelli to a system with considerable mass transfer between the 
5 two phases. This extension consisted of modifying the friction-factor 

multiplier and vapor fraction values to be more consistent at higher 

pressures, and integrating the frictiona.l and momentum losses over 

the entire length of the boiling tube. The resulting total~pressure 

drops were plotted against the average test-section pressure and the 

exit quality. 

In order to set limits of these total-pressure drops, they ex

amined two models. The first, a homogeneous or fog-flow model, 

assumed that the liquid and vapor velocities were equaL The second, 

a separated-annular-flow or slip model, assumed that a slip ratio ex

isted between the two phases. This slip ratio has been experimentally 

observed to be a function of the pressure, the mass fraction in each phase, 
. 24 25 

and the total mass veloc1ty. ' 

In the fog-flow model it was assumed that the vapor-liquid 

mixture could be treated as a homogeneous fluid having a character

istic density and viscosity. Thus the friction, momentum, and head 

losses could be calculated individually and summed to yield the total

pressure gradient. At mass fractions below· 15o/o this method tends to 

predict total-pressure gradients that greatly exceed the measured 

valhes, At higher qualities the predicted and experimental values are 

in closer agreement. The fog-flow n~odel is considered to set an upper 

limit on the total-pressure gradient. For the prediction of total-pres

sure gradients by the separated-annular-flow model a knowledge of 

the slip ratio or the volumetric vapor fraction is required; however, 

pressure gradients predicted according to this model agree more 

closely with the experimental results. 
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Hatch and Jacobs examined total-pressure gradients for hydro

gen and trichloromonofluoromethane. 
26 

They concluded that the 

Martinelli-Nelson approach using the fog-flow model was successful 

in predicting total-pressure gradients for two-phase flow systems with 

appreciable mass transfer. 
27 

Schrock and Grossman have correlated total-pressure gradi-

ents in a manner similar to that of Lockhart and Martinelli. They re

placed the two-phase frictiona~,-pres sure gradient with the total"': pres

sure gradient in the definition of ¢
1 

and were able to correlate 95o/o 

of their data to within ±l5o/o. The authors concluded that the individual 

losses need not be considered separately but that the Martinelli par

ameter could be used as the sole correlating parameter for total-pres

sure gradients in two-phase flow. 

Using a similar approach, Wright correlated the total-pres-
3 

sure gradients for the downflow boiling of water and obtained 

[

(dP/di)tpt J -1.16 
(dP/dl).t = 40.12 Xtt . (I-27) 

His data lay above the upflow data of Schrock and Grossman. This 

was attributed to a difference in system geometry, as undoubte.dly the 

liquid holdup and slip ratios were different for the two systems. If, 

under the influence of gravity, momentum losses were greater in the 

downflow system, the total-pres sure gradient would also be larger, 

since the hydrostatic-head contributions are generally of such small 

magnitude as to be negligible. 

:.' 
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II. EXPERIMENTAL EQUIPMENT 

A. General Flow System 

The flow system consisted of a semiclosed loop. Reagent-

grade n- butanol was pumped from storage tanks through a rotameter 

system into three steam-fed heaters connected in series. The tempera

ture and pressure at the outlet of the third heater were controlled to 

insure that the liquid at this point was always subcooled. This location, 

referred to as station 1, was the primary reference point for subsequent 

calculations. Before the stream entered the test section the stream 

pressure was lowered to allow a certain amount of the liquid to flash 

into vapor. (Often the temperature at station 1 was not high enough to 

allow flashing,and hence vaporization was initiated within the test 

section.) It was found that a globe valve was satisfactory for this pur

pose. The resulting two-phase mixture was conducted down into the 

test section. The test sections were constructed from thin-walled 

stainless steel tubes and were heated electrically by employing the 

test section as a resistance heater. 

Pres sure taps were fitted at frequent locations along the test 

section and thermocouples were soldered to the outside wall for the 

measurement of temperature. The entire test section and connecting 

pipework were thermally insulated with asbestos tape and glass wool. 

The high-velocity two-phase mixture leaving the test section 

was conducted into a vapor-liquid cyclone separator. The vapor 

fraction was condensed, cooled, and returned to storage; the liquid 

fraction was cooled in three heat exchangers in series and also returned 

to the main storage tanks. Provision was made for simultaneously 

measuring the weight rate of flow of the condensed vapor and liquid 

fractions. This served as a check on the initial rotameter reading. 

Figure 1 shows a schematic flow diagram of the equipment; 

Figs. 2 through 4 are photographs of the equipment. 
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Fig. 1. Schematic diagram of the flow system. 
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Fig. 2. Flow-system equipment. 
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Fig. 3. Insulated test section, showing pressure tap 
connections. 

I 
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Fig. 4. Flow- system control panel and data-collecting 
instruments . 
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B. Flow-System Equipment 

A detailed description of the actual equipment used during the 

experimental work with water has been presented by Wright. 
3 

The 

few minor modifications that were necessary to facilitate use of the 

equipment with n-butanol are outlined below. 

A third steam heater was installed to provide enough heating 

surface to bring the feed stream close to the saturation temperature. 

The shell was made from a 5-in. -diameter brass tube, and the tube 

bundle consisted of seven 3/8-in 16-gauge copper tubes, 10 ft long. 

A third liquid cooler was installed to insure that the temperature of the 

n-butanol returning to the storage tanks was close to room temperature. 

It was constructed from a 50-ft length of coiled 3/4-in. copper tubing. 

Because of the solvent properties of n-butanol it was necessary 

to replace all the flexible plastic connections with flexible copper. In 

addition, all the gaskets and 0-ring seals were replaced with ones made 

from silicone rubber. An exception was that Saran 0 rings were used 

for the internal seals on the main feed pump. 

As a safety precaution a vent system was installed over all the 

storage tanks and the vapor condenser. In addition, a burnout-pro

tection system was installed which shut off the heating current when the 

test-section temperature exceeded an arbitrary preset value. This 

consisted of a "Simplytrol Model ZOO 11 on-off controller, manufactured 

by Assemly Products Inc. , and a relay switch installed in the heating 

circuit. As the mechanism was completely electrical, the only measur

able lag was in the thermocouple bead, which was attached to the test 

section· and used as a sensing element. 
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C. Test Sections 

The test sections used in this experiment were constructed 

from thin-walled type 321 stainless tubing nominally 0.50 in. i. d. 

and with a 0.0145-in. -thick wall. The maximum deviation in the 

measurement of the outside diameter was less than lo/o; however, the 

maximum deviation in the wall thickness was 14o/o. 

Wright has given a detailed description of the methods used 

during the construction and installation of the test sections as well as 

a discussion of the method of attaching the thermocouples to the out

side wall. 
3 

Identical procedures were followed during this investi

gation. Figure 5 shows the test sections schematically, and Fig. 6 

is a photograph of an actual test section. 

Test section No. 5 was a modification of test section No. 4. 

An additional electrical connection was attached to test section No. 4 

to reduce the heated length and thus increase the heat flux. 

D. Electric Power Supply 

The equipment .for controlling and measuring the heating cur-

rent to the test section has been described by Wright. 
3 

For test sections 

Nos. 4 and 5 it was found that the maximum heat flux was limited by 

the maximum voltage output of the transformer. With test section No. 4 

the maximum readings were 38.9 V and 277 A, or 10.6 kW. Test 

section No. 5 burned out before the maximum power or voltage could 

be reached. The resistances of test sections Nos. 4 and 5 were 0.140 

and 0.100 ohm respectively. 
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Fig. 5. Test section dimensions and pressure tap locations. 

Test section No. 4 Test section No. 5 

Outside diameter (in. ) 0.4962 0.4962 
Inside diameter (in. ) 0.4670 0.46 70 
Wall thickness (in.) 0.0146 0.0146 
Heat transfer area (ft. 2) 0.6960 0. 5013 

Distance No. 1 0.01 -1.58 
from No. 2 0.68 -0.91 
entrance No. 3 1. 36 -0.28 
of heated No. 4 2.04 0.45 
section to No. 5 2. 70 1.11 
pressure No. 6 3.38 1. 79 
tap No. 7 4.04 2.45 
(ft) No. 8 4. 70 3.11 

No. 9 5.38 .3. 79 
No, 10 5.69 4.10 

\., 

.. 
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Fig. 6. Test section with specimens mounted for 
microscopic wall-thickness measurement. 
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E, Instrumentation 

The instrumentation for recording pressures within the test 

section and temperatures throughout the flow equipment and on the 

outside test- section wall have been outlined in detail by Wright, 
3 

Test-section pressures were measured by a pressure transducer and 

test- section outside-wall temperatures by a .set of 23 copper-constantan 

thermocouples, Some minor changes were made in the data-collecting 

circuitry to facilitate measurement of the outside-wall temperatures, 

Following these modifications two independent information 

channels were available for measuring either of two input signals. 

Channel 1 was a 0- to 1-mV Leeds and Northrup Speedomax-G recorder, 

used for measuring pressures; Channel 2 was a precision Rubicon 

laboratory type-B potentiometer with a suitable null detector used for 

measuring thermocouple voltages,. The first input signal, a voltage 

output from the pressure transducer, was bucked with ad, c, voltage 

(bias voltage) and displayed on the Leeds and Northrup recorder. This 

bias voltage was later measured with the Rubicon potentiometer. The 

second input signal was a thermocouple voltage signal. Leeds and 

Northrup rotary thermocouple switches were used to select one of the 

23 individual thermocouples, The data-collecting circuitry is illustrated 

in Fig. 7. 

The thermocouples were calibrated in the following manner, 

Thermocouples 1 and 2, which were immersed in the flow stream and 

could be removed, were calibrated against National Bureau of Standards 

thermometers at the ice point and in a hot water bath held just below 

the boiling point, The rest of the thermocouples were calibrated in 

place against thermocouples 1 and 2 at room temperature and at a 

temperature just below the boiling point of n- butanol. The n- butanol 

was circulated through the system at a high flow rate and the thermo

couples examined over a period of 3 to 4 hours. The correction applied 

to thermocouples 1 and 2 was 0.2°F at the upper calibration point. For 

the thermocouples soldered to the test section a positive correction 
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of between 1 and 2°F was applied at the upper calibration point. The 

test-section insulation was adequate, and calculations showed that the 

heat loss was a negligible percentage of the total heat flow. It is 

thought that stresses must have been introduced .in the thermocouples 

during fabrication that caused the readings to be slightly low. 

The transducer was calibrated in its permanent location by a 

deadweight gauge tester over a pressure range of 14.7 to 94.7 psia. 

The results of six calibration runs were fitted to a straight line by a 

least-squares technique. The standard deviation was found to be con

siderably lower th~m the guaranteed linearity of the transducer. 
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III. EXPERIMENTAL PROCEDURE 

The procedure followed during a typical experimental run was 

that outlined by WrighL 
3 

For the investigation with n-butanol no modi"". 

fication to this procedure was found necessary. The flow system was 

not cleaned during the course of the investigation; however, frequent 

inspection of the system revealed no traces of corrosion or fouling. 

After every six runs or so the system was recharged with 

ZOO pounds of fresh n-butanol. The refractive index of a·sample taken 

during each run was compared with a reading obtained with fresh 

n-butanol. The maximum deviation of this reading was less than O.lo/o 

over a period of six runs. This was taken as evidence that little or no 

deterioration of the n-butanol had occurred during this period. 

. .. 
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IV. CALCULATION PROCEDURES 

A. Reduction of Experimental Data 

Prior to the main data- reduction calculations, which were per

formed on an IBM-7090 digital computer, the raw experimental data 

were processed to obtain temperature., flow, and pressure measure

ments that were characteristic of the entire run. The thermocouple 

millivolt readings were averaged, converted to temperatures, and 

plotted against 1, the length from the beginning of the heated portion 

of the te.st section. The recorded pressure signals were converted in

to absolute pressures and also plotted against P.. Smooth curves were 

then drawn through these experimental points. Figures 8 and 9 show 

experimental temperatures and pressures for a characteristic run. 

Values of the total-pressure gradient, ~{dP/d..E )tpt , were obtained by 

graphically differentiating the pres sure-versus -length curve and also 

plotted against J.. 

B. Calculation of Inside- Wall Temperature 

As the inner-wall temperature could not be measured directly 

without disturbing the flow pattern, it was calculated from a measure

ment of the outer-wall temperature, By means of several simplifying 

assumptions, the equation for one -dimensional heat conduction with 

heat generation was solved to yield the inside -wall temperature, 

w [ 2 ro 
T i = T 0 - 2 r 0 ln r i (IV -1) 

The T. was calculated through an iterative solution. The derivation 
1 

of Eq. (IV -1) and the justification of the assumptions are given in 

Appendix A. For this experiment the maximum measured temperature 
0 drop through the tube wall was 4 F. Temperature drops through the 

liquid film were often as little as 7° F. Thus an appreciable error 

would have been made in the heat-transfer coefficient if the temperature 

drop through the tube wall hct.d been neglected. 
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Fig. 9. Measured pressures for Run 25.0. 
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C. Bulk Temperature Measurement 

It was assumed that thermal equilibrium existed between the 

phases at any point in the test section where vapor and liquid were 

present simultaneously. When the pressure was known the saturation 

temperature was obtained from thermodynamic tables. The existence 

of thermal equilibrium is a very common assumption in two-phase·. 

flow problems; however, little discus sian or verification of it has 

appeared in the literature. 

With the inside-wall and bulk .. fluid temperatures specified, 

the boiling heat-transfer coefficient is given by 

q 

The heat flux q is defined by 

where 

3.41304 Pw 
q = 

~ 
2 

is the a~ailable heat-transfer area in ft . 

D. Estimation of Vapor Quality 

(IV- 2) 

(IV- 3) 

The mass vapor fraction was obtained through an energy balance 

between any point in the boiling test section and station 1. The latter 

was located before the flashing valve and was the primary reference 

point for the energy-balance calculations. The quality, x, was esti

mated frorri 

x= 

+ ,_g_ . _!_ + .!_ • _L. (.e +z 1) 
W L J gc 

h -h g f 

[ 

v 
2 

v 2 J 
-. _x_2g_~_J_+-.-(_l_-x.-)-2g_fc_J_ . . 

h -h g f 

(IV -4) 
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Calculation of the latter term, which represents the kinetic energy 

. of the fluid stream, requires a knowledge of the velocities of the vapor 

and liquid phases. Values of these quantities were not known, but they 

can be approximated from a simple mass balance and the arbitrary 

specification of the slip ratio, l(;. Vapor and liquid velocities were ob

tained from Eqs, (IV -5) and (IV -6) respectively: 

(IV- 5) 

(IV -6) 

As the contribution of the kinetic energy terms is small, any reason

able value of l(; can be used without introducing any serious error. 

A value of l(; = 2. 0 was used during these calculations. 

E. Estimation of Total-Pressure Gradients 

The local total-pressure gradients were obtained graphically 

(see Section IV:A) and put in a dimensionless form by division with 

the local frictional-pressure gradient. This latter quantity, defined 

as the gradient that would be expected if the liquid phase were flowing 

alone, was calculated from 

= 2. 144 g D. P n c 1 ·~. 

(IV- 7) 

Values of f were obtained from the Blasius friction-factor formula, 

(IV -8) 

When Eqfil. (IV-7) and (IV-8) were combined, the liquid frictional-pres

sure gradient was expressed as 

(dP) = 
\ cr:r- £ 

2 
[ (1-x)GT] 

0.1476 -0 25 
g D. p 1 Re l' ' 

c 1 -

(IV- 9) 
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F .. The.rmodynamic and Physical· Properties of n.;;:Butanol 

The thermodynamic and physical properties ofn-butanol were 

obtained from two sources. Where possible, experimentai values 

were used; however,. it was often necessary to employ an empirical 

method to estimate the desired property. Values of the thermodynamic 

and physical properties over the temperature range employed in this 

investigation are listed in Table I. The experimental sources or 

empirical methods used. for calculating the various properties are 

summarized below. 

l. Vapor Pressure 

The M. C. A. Research Project
28 

suggests the following equation 

for pressures up to 1 atmosphere: 

log lop = 5. 80336 -
2506.79 
296.79+T. (IV -10) 

When extrapolated to 100 psia, Eq. (IV -1 0) was found to predi:ct to 

within 0. 5o/~ the experimental data of Shemilt. 
29 

It was therefore used 

,to estimate intermediate value:S ofthe vapor pressure. 

2. Liquid and Vapor Enthalpy. 

Shemilt has published experimental values for the liquid and 

vapor enthalpies of n-butanol up to the critical point. Over the temper

ature range of interest his experimental data were fitted with a third~ 

degree polynomial, and intermediate v~lues of the enthalpy were ob

tained from the resulting equations; The values of the enthalpy were 

cons ide red to be accurate to within 1%. 

3. Liquid and Vapor Specific Heat 

Values of the specific heat were obtained from the equations 

used in calculating the vapor and liquid enthalpies. The enthalpy, 

change in going from 0.5°F below the temp~ratu~e in question to 0.5°F •· 

above was considered to be the specific heat at that temperature. 
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304. 42.76 406.90 198.34 0.42E 43.96 0.6'1 17.'19 0.37 0.91 0.0108 0.055 0. 8H 'I.D& 
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H2• 65.60 417. 10 223.6'l 0.647. 42.'{3 u. 7l 14.5 7 0.37 0.90 0.0112 :).(;62 o. 8 38 7.61 n6. 69.52 418.60 227.28 0.661 47..55 c. 71 1 '•. 14 0.37 0.'10 0.0112 0.051 :J.838 7.41 
J40.o 73.62 42:J.10 23C.85 0.673 42.35 0.72 11.7 2 0.37 0.8'1 o. 0113 0.051 0.838 7.21 
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4. Liquid and Vapor Density 

The experimental data of Shemilt were fitted over the temper

ature range of interest with a second-degree polynomiaL The result

ing equations were used for predicting intermediate values of the density. 

The experimental values of the liquid density were considered accurate 

to within 0.1 o/o and values of the vapor density to within 1 o/o. 

5. Liquid and Vapor Viscosity 

Liquid viscosity taken from the Handbook of Chemistry and 

Physics were fitted by a least- squares method. The resulting equation 

was extrapolated to obtain values of the liquid viscosity at higher 

temperatures. Values of the vapor viscosity were predicted by the 

method of Bromley and Wilke as outlined in Reid and Sherwood. 
30 

6. Liquid and Vapor Thermal Conductivity 

The liquiQ. thermal conductivity was estimatedby extrapolating 

the experimental data of Bates and Hazzard. 31 Vapor thermal con

ductivity was estimated by the method of Bromley as outlined in Reid 

and Sherwood. 
30 
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V. DISCUSSION 

A. Boiling Heat Transfer 

l. General 

Boiling heat transfer runs were made with the heat flux and 

mass flux as the controlled parameters. The reduced data are tabu

lated in Appendix B. All the experimental runs exhibited the same 

characteristic behavior: starting from the test- section entrance the 

local heat-transfer coefficients decreased to a minimum at a location 

within the test section and then increased steadily to the test-section 

outlet, It is felt that this initial phenomenon can be attributed to a 

thermal entrance effect, and therefore all data in this region were 

ignored for the purposes of correlation. For this investigation the 

. thermal entrance length was defined· as that portion of the test section 

from the entrance to the point where the minimum heat-transfer co

efficient occurred. This length was found to vary from 6 to 48 pipe 

diameters. 

]from a rudimentary inspection of the data several general ob

servations can be drawn. concerning the thermal entrance effect; how

ever, it should be pointed out that these observations are based only 

on the data tabulated in Appendix B. 

a. The entrance length decreas.es slightly with increasing heat flux. 
' 

b. The entrance length appears to be independent of the mass flux. 

c. The entrance length decreases with increasing vapor fraction. 

Similar trends were also observed by Wright for the forced-convection 

boiling of water. 
3 

It was not possible to visually inspect the flow pattern within 

the test section; however, the flow could be examined immediately 

before and after the test section. The flow pattern at the test-section 

inlet closely approximated a bubble-flow model. The bubbles were 

large, distinct, and well defined. This might be expected, as for all 

runs the inlet mass vapor fraction was less than lo/o. The flow pattern 
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at the test-section outlet could best be described as consisting of a 

highly turbulent mixture of vapor and liquid. Little variation in this 

pattern could be noticed between runs. No distinct vapor core -liquid 

annulus pattern could be noticed at the outlet. For the -flow: rates con

sidered in this experiment there was no evidence of "slugging. 11 This 

latter phenomenon would be less likely in a downflow than in an upflow 

experiment, as the liquid phase would be .accelerated by gravity. 

Within. the test section, liquid must have been continuous at the 

heat-transfer surface to account for the large coefficients. ·The inner 

··core, consisting of almost all the cross-sectional area, was probably 

a:. turbulent vapor-liquid mixture similar to that obs:erved at the outlet. 

If the flow pattern within the test section approximated that observed 

in the inlet sight glass, the heat-transfer m~chanistn might:have been 

·one of nucleate boiling at the wall. However, it is felt that the exit flow 

pattern was mo.re characteristic of conditions within the test section, 

so that most of the mass transfer would occur at the vapor-liquid in

terface. 

These observations are similar to a mechanism proposed by 

Sachs and Long. who observed the forced-convection boiling· of tri

chloromonofluormethane in a vertical glass annulus. 
32

. They reported 

that nucleate boiling occurred only in a short zone near the test-section 

entrance. After this short interval no. nucleation could be observed 

although there was considerable vaporization. Downstream the flow 

pattern consisted of an annulus of vapor which surrounded a thin layer 

of liquid of the heater surface. From the results of their work it ap

pears that the forced-convection effect suppresses nucleate boiling 

over the major portion of the tube length. Thus it would appear that 

very little nucleate boiling occurred in the investigation described here. 
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2. Comparison with Previous Correlations 

The forced-convection boiling data taken during this investi

gation were compared with several correlations that had been developed 

for data taken with the steam-water system. This comparison was un

dertaken to see if any of these correlations could be used to predict 

heat-transfer coefficients for a system having different physical 

properties. From an examination of the results, listed in Table II, it 

can be seen that none of the correlations was satisfactory. Correlations 

1 through 6 predicted values that were much too low, while correlations 

7 and 8 predicted values that greatly exceeded the observed values. It 

appears that the previously suggested correlations were specific not 

only for the steam-water system, but--considering the large differences 

between the predictions of the various investigators- -also specific for 

the range of variables covered by the individual experiments. 

Despite the failure of the former correlations to predict heat

transfer coefficients for n-butanol, the experimental data were plotted 

in a manner similar to the steam-water data of previous investigators. 

It was hoped this would serve a dual function: 

a. it would give an indication of the standard deviation and 

scatter of the experimental data, and b. it would indicate whether 

the dimensionless groups suggested by the steam-water correlations 

were applicable to the data taken with n- butanol. 

Figure 10 shows the data correlated in the manner proposed by Dengler. 

The least-squares line for these data is 

h 
__!?_- 7 55 x-0.328 
h 0 tt 

0 
(V -1) 

with a standard deviation in the heat~transfer coefficient of ±11. 8%. 

Figure 11 presents the data in the manner suggested by Schrock and 

Grossman's second correlation. It can be seen that a correlation of 

this type provides a definite means of correlating the data for n-butanol; 



Table II. Comparison of experimental hb for n-butanol 
with correlations based on water- steam data. 

Average value of error 
in predicting hb for Average error in prediction 

Investigator Correlation 
a 

of hb for n-butanol. n-butanol. 
(and reference) given by (Btu/h-ft 2 - ° F) (o/u) 

Dengler (9) Eq. (I- 5) -2101 112.2 

Schrock and Grossman (13) Eq. (I-ll) -2732 220.1 

Schrock and Grossman (13) Eq. (I-12) -2822 245.1 

Mumm (11) Eq. (I- 9) -3128 370.2 

Bennett et al. ( 14) Eq. (I-13) -2948 262.0 

Davis and David (16) .Eq. (I-20) -2564 182.0 

Wright (3) Eq. (I-1 7) t3732 94.0 

Wright (3) Eq. (I-18) +6936 274.6 

aThe average experimental value of hb for n-butano1 was 3973 Btu/h-ft
2 

°F. 

I 
~ 
N 
I 



Fig. 10. Comparison of boiling data from this experiment with 

Dengler 1 s correlation. 
-0.328 

-- hb/h0 = 7.55 xtt 

I -0 5 
-• Dengler hb h 0 = 3.5 Xtt. 

Wright hb/h
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= 2.43 xtto.562 
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but, as seen in Fig. ll, the data lie above the steam-water correlations 

of Wright and Schrock and Grossman. The equation for the datq. of the 

runs with n- butanol was 

Nub - . ~ . -4 - 2/;l 
O.BOB 173 - 563 Bo + 1.5 10 xtt J 

Re1 Pr1 

(V- 2) 

Wright obtained a coefficient of 320 and Schrock and Grossman one of 

170. The standard deviation of the heat-transfer coefficient for n

butanol was ±16.6o/o, whereas Wright and Schrock and Grossman re

ported deviations of ±21.3o/o and ±35o/o respectively. 

As the standard deviation of the data for n-butanol, based on 

these two correlations, compared favorably with deviations reported 

by other investigators using water, it was assumed that the experi

mental data were meaningful. 

3. Correlation of ExperimentaL Data 

As none of the correlations developed from the steam-water 

data were successful in predicting boiling heat-transfer coefficients 

for n-butanol, a project was initiated to study the variation of this 

quantity with flow variables and the physical properties of the fluid. 

Wright had used the same equipment to measure heat-transfer coefficients 

in the downflow boiling of water. 
3 

Values taken from his experimental 

data were combined with an equal number of values taken during this 

investigation, and an attempt was made to develop a correlation that 

would be applicable to the two fluids. 

The computations were performed on an IBM-7090 digital 

computer using a least-squares stepwise linear multiple-regression 

subroutine. This routine was written to include only significant vari

ables in the final correlation. When a variable was not significant at 

a specified tolerance level it was deleted from the correlation. Often 

this did not mean that the deleted variable was insignificant,. but rather 

that its magnitude varied so little throughout the experiments that no 

dependence could be ascertained. 



Fig. 11. Comparison of boiling data from this experiment with 

Schrock and Grassman 1 s second correlation. 
0.8 l/3 - . -4 -2/3 

Nub/Re1 Prp =563(Bo+l.5'10 Xtt ) 

. 0.8 l/3 -4 -2/3 
--- Wnght, Nub/Re1 Pr1 = 320 (Bo + 1.5'10 Xtt ) 

Schrock and Grossman, 
0.8 l/3 -4 -2/3 

Nub/Re1 Pr.t = 170 (Bo + 1.5·10 Xtt ) 
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Fig. ll. Comparison of the present boiling data with 
the ·second correlation of Schrock and Grossman. 

. Nub 1, -4 -2/3l 
--

173 
= 563 LBo+l.5 ·10 xtt J 

R 0.8p , e 1 r 

Wright = 320. rBo+ 1.5· l0- 4 x-Z/3] 
L tt 

Nub c· -4 -2/3J Schrock and Grossman = 170 Bo+l.5·10 Xtt 
R 0.8p l/3 

e £ r £ 
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During the initial stages of this study the data for n-butanol 

and water were examined separately by using both dimensionless and 

dimensional quantities. It became apparent that a better correlation 

was obtained with the dimensionless groups; thus the Reynolds number 

was a better correlating parameter than the mass flow rate, the 

boiling number a better correlating parameter than the heat flux. The 

quality, x, and the ratio of the vapor and liquid densities, p / pf' were . . g 
both found to be important correlating parameters. The Martinelli 

parameter was found to be equally successful, however, and it was 

decided to employ it rather than the quality and density ratio. In the 

final stages .of this study the data for water and·n- butanol were cbm

bined into a single correlation. It was assumed that. the Prandtl 

number would account for differences between the two fluids. The 

more successful correlations are summarized in Table III. Figures 

12, 13, and 14 show graphically the comparison of the data with cor

relations Nos. l, 2, and 3. 

During the linear-regression analysis it was observed that 

the Martinelli parameter, which is strongly dependent on the quality, 

was the most important correlating parameter. The Reynolds number 

was always found to be a more important correlating parameter than 

the boiling number or the heat flux. This was interpreted to mean 

that the forced-convection effects were more important than the nu

cleate boiling effects. 

The forced-convection boiling da.ta of Mumm, 
11 

Schrock and 
13 14 . 

Grossman, and Bennett et al. were compared w1th the correlations 

summarized in Table IV. Of these correlations, Nos. 1 and 3 were 

the most successful in predicting values of the heat~transfer coefficient. 

The results of these predictions are summarized in Table IV and 

illustrated in Figs. 15 and 16. Both correlations were successful in 

correlating the data of the other investigators to within an average . 
error of ±30o/o; however, corre_lation No. 3 appeared superior to cor-

relation No. L Although the latter was successful in reducing the 

scatter of the data it did not predict the correct trend for the experi

mental water-steam data of other investigators (see Fig. 15). 



Table III. Boiling heat-transfer coefficient correlations 

Average error Standard deviation Average 
in predicted of error in pre- error a 

Correlation value of hb dieted value (o/o) 
(Btu/h-ft 2 - °F) (Btu/h-ft 2 - °F) 

l. Nu = b 
o 9273 R 0.717 x-0.345B 0.194p 0.800 

• eP. ·tt o rP. 653 552 14.5 

2. h = b 
294 9 

R 0.563-. 0.333B 0.200p -0.241 
• . eP. _x o rP. 639 706 13.6 

3. St = 0 . 9005 Re£0.286x;t0.292B 0 0.191Pr£0.233 668 555 15.0 

Nub I 

= 0 248 x-OA2 *" 4. 707 618 16.2 <,0 

R o.665P o.891 . tt 
eP.. rP. .. 

Nub · -0.42J 
697 5. 0.665 O. 891 = 45.84 l Bo + 0.00528 Xtt 605 15.9 

ReP. Pr P. 

aThe average value of the boiling heat-transfer coefficients was 4549 Btu/h-ft
2 

. 
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Re 0.717 X -0.345 Bo 0.194 Pr 0.800 
J. t t t 

MU -28763 

Fig. 12. Graphical representation of boiling-heat-transfer 
correlation No. 1. 

A water 
en ... butanol 
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MU-2876<4 

Fig. 13. Graphical representation of boiling-heat-transfer 
correlation No. 2, 

A water 
en-butanol 
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0.001 

MU-28765 

Fig. 14. Graphical representation of boiling-heat-transfer 
correlation No. 3. 

A water 
en-butanol 



Table IV. Comparison of boiling heat-transfer correlations 
with experimental data of other investigators 

Investigator (and reference) 
Average error 
in predicted Average errora 

Correlation 
No. 1 

Correlation 
No. 3 

Mumm (11) 

Schrock and Grossman (13) 

Bennett et al. ( 14) 

Mumm 

Schrock and Grossman 

Bennett et al. 

value of hb 
(Btu/h_;ft2_o F) 

2390 

1947 

747 

2153 

1837 

1183 

(%) 

29.6 

22.0 

21.1 

26.9 

21.2 

27.8 

a . 
The average values of hb for the experiments of Mumm, Schrock and Grossman, and 

Bennett et al. were 7867, 9425, and 4298 Btu/h-ft
2 

respectively. 
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Fig. 15. Comparison of boiling-heat-transfer correlation 
No. 1 with data of other investigators. 

8 Data of Bennett et al. 
0 Data of Mumm 
A Data of Schrock and Grossman 



-55-

Predicted by correlation 
200 

0 

t!)a. 100 
u 

~ 80 
.s;;;; 

60 

(f) 

0 40 
0 
w 
r() 

20 

MU-28767 

Fig. 16. Comparison of boiling-heat-transfer correlation 
No. 3 with data of other investigators . 

• Data of Bennett et al. 
0 Data of Mumm 
A Data of Schrock and Grossman 
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Correlation No. 3 appears to be the most successful of the 

correlations investigated. The experimental data of Mumm,. Schrock 

and Grossman, Bennett et aL , and Wright for the steam-water system 

were combined with the data for n-butanol taken during this investigation 

and plotted according to correlation No. 3. The results are illustrated 

in Fig. 17. From an examination of this figure it can be seen that this 

correlation is successful in predicting boiling heat-transfer coefficients 

for various systems over a wide range of experimental conditions. 

4. Burnout Heat Flux 

Although measurement of burnout heat fluxes during forced

convection boiling was not the purpose of this investigation, one value 

of this point was unintentionally obtained with test section No. 5 at a 

heat flux of 76,000 Btu/h-ft
2

. The test section did not fuse, but the 

asbestos tape and glass wool insulation were severely charred, and 

it was estimated that the tube wall temperature must have exceeded 
0 

600 F. For this run the inlet test-section pressure had been set at 

30 psia and the mass flow rate at 292 lbm/sec-ft
2

. 

Bonilla and Perry measured burnout heat fluxes for the pool 

boiling of n-butanol on a polished copper surface electroplated with gold 

and chromium, and reported values of 140,000 Btu/h-ft
2

. 
33 

One would 

expect burnout heat fluxes in a forced-convection system to exceed 

those obtained in a pool system. However, for the single value obtained 

this was certainly not the case. This difference may be attributed to 

several factors. The surface characteristics for the two systems were 

different; this could affect the peak heat flux. A small quantity of 

surface-active agent may have been picked up by the recirculating 

n- butanol over the duration of six runs. This would lower the interfacial 
34 

tension and cause an appreciable decrease in the burnout heat flux. 

Finally, there was a large amount of dissolved gas present in the n

butanol at the time of burnout, as the equipment had just been turned 

on for the purpose of removing this gas. Kreith has reported that the 



Fig. 17. Comparison of boiling-heat-transfer correlation No. 3 with 

experimental data for water and n-butanol. 

• Data of Wright 

~Data of Bennett et al. 

0 Data of Mumm 

!J. Data of Schrock and Grossman 

8 This investigation 
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burnout heat flux is reduced by the presence of diss~lved gases. 
35 

One 

or all of these factors could account for the difference in heat flux be

tween the forced-convection and pool boiling systems. 

B. Pressure Drop in Two-Phase Flow 

l. Correlation of Total-Pressure Gradients 

Values of the local total-pressure gradient were obtained by 

graphically differentiating the curves of pressure versus test-section 

length. These were put in a dimensionless form by division with the 

liquid frictional-pressure gradient obtained from the Blasius friction

factor formula (see Section IV.E). The results were correlated 

against the Martinelli parameter in a manner suggested by Schrock 

and Grossman. 
7 

Figure 18 shows this correlation as well as the 

curves obtained by Schrock and Grossman and by Wright for experi

ments with water. 

It can be seen that the experimental data of this investigation 

lie between those of the other experimenters. One would not necessarily 

expect agreement among the three investigations, since the holdup and 

volume fractions would differ between the various studies. The least

squares straight line for the data of this study is 

[ 
{dP /d£ )tptJ -0.7 32 
(dP/dl)t = 37.02 xtt , (V -3) 

although the best curve through the data is not a straight line. 

Jenkins has reported a dependence of the two-phase pressure 

gradient on the total mass flux. 
22 

For the data of this investigation 

a slightly improved correlation, having the form 

[ 
(dP/d.Otpt 1 _ 355.7 x-0.6 27 

(dP/d£ )_e J- GOAl tt ' 
(V -4) 

was obtained when the mass flux was taken into account. Hughmark 

and Pressburg observed that for their experimental data the two-phase 

d . l G-0. 7 23 pressure rop was proportlona to . 
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MU-28769 

Fig. 18. Forced-convection boiling total-pressure 
drop correlation using the Martinelli parameter. 

---best curve (n-butanol, downflow) 
------ Schrock and Grossman (water, upflow) 
-- Wright (water, downflow) 
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2. Prediction of Frictional-Pressure Losses 

The total-pressure loss in forced-convection boiling is the sum 

of three contributions: friction losses, momentum losses, and hydro

static head losses .. The frictional losses; were obtained by subtracting 

these latter two losses from the observed total-pressure gradient. 

The losses in momentum and in hydrostatic head are dependent on the 

volumetric vapor fraction a. This latter quantity was obtained. from 

the published correlations of a versus Xtt by Lockhart and Martinelli 

and by Dengler. However for the range of Xtt covered during this 

investigation both correlations gave nearly identical predictions of the 

volumetric vapor fraction for a particular value of Xtt• 

Once a had been determined the pressure gradients due to 

losses in momentum and in hydrostatic head were calculated from 

force and momentum balances. The momentum loss was given by 

l (V -5) 

while the hydrostatic head loss was given by 

(V -6) 

Values of the frictional-pressure gradient were obtained by ~ubtracting 

these two quantities from the experimental total-pressure gradient. 

Figure 19 illustrates the results of this calculation and compares 

them with the experimental results of some other investigators. At 

the lower values of quality (high values of Xtt) the data taken during 

this investigation agreed closely with the results reported by Stein et al. 

for the downflow vaporization of water in a heated annulus. 
36 

However, 

at the higher values of quality the experimental results agreed closely 

with the empirical correlation by Lockhart and Martinelli. 
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Fig. 19. Two-phase frictional pressure gradients. 
based on data from this experiment 

MU-28770 

-·- - Lockhart and Martinelli: two-phase two-
component flow · 

------ Dengler: vaporization in a l-in. tube 
-· .;_, -· Stein et al. : vaporization in a heated annulus. 
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C .. Estimate of Experimental Error 

Local heat-transfer coefficients measured during this investi

gation were correlated to within ±15o/o, and were thought to be within 

the accuracy of the experiments. The calculation of the heat-transfer 

coefficient depends upon the measurements of power, wall thickness, 

test-section pressure, and outside-wall temperature, The probable 

error in each of these measurements is discussed below, 

If losses occurring in the current transformer and power

measuring circuits are neglected, the maximum error in the power 

measurement would be 150 watts, since the wattmeter was rated ac

curate to 0.5% of full scale, Though there was a large variation in 

the test-section wall thickness, calcu,lations showed that even when 

. the extreme values of the inside radius were used the deviation in the 

temperature drop through the wall was only ±12o/o, As 6T was less 
w 

than 4°F for all runs this amountedto an error of ±0.5°F, The values 

of the saturation temperature were obtained from the pressure measure

ments. As the standard deviation inthe pressure transducer was less 

than 0.1 psi it is believed that an error of 0.4 psi in the pressure 

measured under run conditions would be conservative, This is equiva

lent to an error of 1° F in the saturation temperature and is of the 

same order of magnitude as the error in the equation used to predict 

the satll.ration temperature, The outside-wall temperature was the 

most uncertain of the measured quantities, as the thermocouples 

could not be calibrated under actual run conditions, Wright has pre

sented a detailed discussion of the possible effects of ac current in 

the thermocouple leads, penetration of the thermocouple junction into 

the test section, and electrical heating of the thermocouple on the out

side-wall temperature, and suggested that the value may be in error 

by ±1 °F. 
3 

A similar error has been assumed for calculations made 

during this investigation, 
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T~e error~ made in the determination of T 0 and T b are 

such that they could cancel each other or be additive. For small 

va:.lues of · T 
0 
-T b- -i.e. , 6° F- -the error in the heat-transfer coefficient 

co'uld range from 1 to 5<Y,1o depending on whether or not the individual 

errors were additive. At higher values of T 
0

-Tb --i.e., 10° F--the 

error in hb ranged from l to 19%. 

Many other investigators using electrically heated test sections 

to obtain values of the boiling heat-transfer coefficient have expressed 

difficulty in obtaining an accurate value of the te'mperature difference. 

·unfortunately they have often neglected to c·omment dri the accuracy of 

·their temperature measurements, and it is felt that much of the dis

crepanty among reported values of the heat~transfer coefficient is in 

par't due to inaccuracies in temperature measurement. 

It is thought that the errors in the calculated values ()f the 

frictional arid total-pressure gradients arose from two sources: errors 

in the actual pressure measurements, and errors introduced by the 

graphical differentiation of the pressure-versus-length curves. It 

has been assumed that these errors were of the same order of magnitude 

and that the pressure gradients were accurate to within ±25%. 
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VI. CONCLUSIONS 

Local heat-transfer coefficients and two-phase total-pressure 

gradients were measured for the downflow forced-convection boiling 

of n-butanol in electrically heated stainless steel tubes. The test 

sections employed had inside diameters of 0.4670 in. and heated lengths 

of 5. 69 and 4.10 ft respectiv~ly: Heat fluxes ranged from 2. 8·1 0
4 

to 6.6·10
4 

Btu/h-ft 2 and mass fluxes from 136 to 440 lbm/sec-ft
2

. 

Exit qualities up to 3lo/o were measured at pressures between 16.9 

and 50.0 psia. 

The experimental data were compared with previous correlations 

that had been based on the water-steam system; however, none of the 

correlations were successful in predicting values of the heat-transfer 

coefficient for n-butanol. Correlations similar to the types proposed 

by Dengler and by Schrock and Grossman were successful in cor

relating the experimental data to within ±15o/o. 

New boiling heat..,transfer correlations were derived and found 

to be successful in correlating data taken during this investigation 

and data taken for water by Wright to within ±15o/o. The most success-

ful correlations were 

hb 
St ::: ::: 

3600 c G 
p 

(VI- 1) 

and 

Nub::: 0 9273 R 0.717 x-00345 B 0.194p 0.800 
0 e i tt o r i (VI- 2) 

They we·re successful in correlating the forced-convection boiling data 

of other investigators, taken at higher values of pressure and heat flux, 

to within ±30o/o. 

Local two-phase total-pressure gradients were successfully 

correlated by the Martinelli Xtt parameter. The least-squares 

straight line for the data of this study was 



(dP/d.e)tpt 

(dPfd£ )~ 
= 37.02 x- 0 ·

732 
tt 

(VI- 2) 

The data were found to lie between those of Wright and of Schrock and 

Grossman. Local frictional-pressure gradients were obtained by sub

tracting the momentum and hydrostatic head losses from the measured 

total-pressure gradient. These calculated values of the frictional

pressure gradient when plotted against Xtt agreed closely with experi

mental values obtained for other systems. 
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NOMENCLATURE 

Letter Symbols 

cross-sectional area of the boiling test 

section 

heat-transfe.r area of the boiling test 

section 

boiling,number = 3600 qG hfg 

modified boiling number 

specific heat at constant pressure 

diameter 

Blasius friction factor 

Froude number 

acceleration due to gravity, 32.153, 

mass-force conversion factor, 32.1739 

mass flux 

enthalpy, Lor 

heat-transfer coefficient 

Jqule 1 s constant, 778.26 

thermal conductivity 

length from entrance of heated test section 

total length of test section 

Nussult number 

pressure 

Prandtl number 

electric power expended in test section 

heat flux 

total heat input 

. ,h: 

dimensionless 

dimensionless 

Btu/lbm-°F 

ft 

dimensionless 

dimensionless 
2 

ft/ sec 
2 

ft lbm/ sec -lbf 
2 

lbm/ sec-ft 

Btu/lbm 

Btu/h-ft
2

- °F 

ft lbf/Btu 

Btu/h-ft- °F 

ft 

ft 

dim ens ionle s s 

psi a 

dimensionless 

watts 

Btu/h-ft
2 

Btu/h 



r 

Re 

St 

T 

.6.T 

v 
w 
X 

a 

I 
i 

radius 
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Reynolds number 

Stanton number = hb/3600 Cp G 

temperature 

temperature difference 

velocity 

flow rate 

quality, vapor mass fraction 

Martinelli parameter 

- (Pg)0.5(flf)O.l/l-x)0.9 

- \~ flg \ -x 
elevation difference between station 1 

and test-section inlet 

Greek Letters 

volumetric vapor fraction 

y linear temperature coefficient of 

fl 

p 

a 

w 

thermal conductivity 

viscosity 

density 

surface tension (vapor-liquid) 

Lockhart- Martinelli friction-factor 

multiplier 

slip ratio 

power generation per unit volume 

Subscripts 

a acceleration 

b boiling, or saturation 

e equivalent 

f properties of saturated liquid 

fg difference in property between saturated vapor 

and saturated liquid 

ft 

dim ens ionle s s 

dimensionless 

OF 

oF 

ft/sec 

lbm/hr 

dimensionless 

dimensionless 

ft 

dimensionless 

0 -1 
F 

lbm/ft-sec 

lbm/ft
3 

lbf/ft 

dimensionless 

dimensionless 
3 

Btu/h-ft 



' 
.. 

g 

h .. 

i 

P. 
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properties of saturated vapor 

hydrostatic head 

inner wall, or inside 

liquid property, or evaluation on basis of local 

liquid flow rate 

o outer wall, or evaluation of a property at some 

base 

T total 

tp two-phase 

tpf two-phase friction-pressure loss 

tpt two-phase total-pressure loss· 

1 refers to station 1 
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APPENDICES 

A. Solution for the Inside- Wall .Temperature 

Consider_ a cylindrical tube of inner radius r. and outer 
1 

radius ro in which heat is being generated at a uniform rate w 

Btu/h- ft 3 with the following assumptions: 

1. steady- state ~onditions, 

2. circular symmetry, 

3. negligible longitudinal heat flow, 

4. adiabatic outer wall, 

5. uniform heat generation, 

6. negligible inductance or capacitance effects, 

7. linear dependence of thermal conductivity with temperature. 

The equation for radial heat conduction is 

l d t dTJ~ -.-::'!"::"" rk(T) -d = - w , r, ur r 

with the following boundary conditions (assumption 4): 

r=r
0

; T=To=constant, 

dT 
r = r 0' dr - 0 . 

We can define a variable (T) such that 

T 

I; (T) =l k(T)dT, 

·and 

d~ 
dT:::: k, 

dT dT 
dr = k dr 

. Substituting Eq. (A-6) into Eq. (A-1) .,and in~egrating gives 
2 wr 

~ = - ~ + c 1 1n r + c 2 . 

(A-l) 

(A-2) 

(A-3) 

(A-4) 

(A-5) 

(A-6) 

(A-7) 
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From assumption 7 ,::. , ~ 

thus: 

Substituting Eq. 

ditions gives 

k = k
0
(l + yT) , (A-8) 

r 2, 

s = k 0 LT + yr J , (A- 9) 

(A- 9) into Eq. (it- 7) and applying the houndary con-

2 
wro 

c1.= -2- (A-1 0) 

·, yTO 2 J 
c2 = ko lT o + -z-

2 2 
wr 0 ";>r 0 . 

+ -4-- -2-. lnro. (A-ll) 

Substituting Eqs ~ (A- 9), (A_: 10), and (A-ll) 'into Eq. (A- 7) and re-

arran:ging, one has 

(A-12) 

The assumptions used in the derivat'ion of Eq. (A-12) can be 

justified through an examination of the experimental data. It is be

lieved that a steady-state condition was reached, because the tube

wall temperatures fluctuated around a steady mean value. Although 

the condition of circular symmetry was not maintained, the heat 

generation along the test section was presumably uniform: This is 

borne out from an examination of the power dissipation along the test 

section. This quantity was always linear for a variety of heat fluxes 

(see Fig. 20). The longitudinal heat flux was calculated to be less 

than l·l0-
5o/o of the radial heat flux, while the heat losses were less 

than 1 o/o of the total heat input. Since the lowest measured power 

factor was 0.980, it was assumed that induction and capacitance effects 

were negligible, Over the small temperature range of interest, less 

than 40°F, the thermal conductivity of stainless steel was assumed to 

be a linear function of temperature, and could· be expressed as 

. [ -4 1 I f o ) k·=8.44 1+5.32(10 )TJ(inBtuh-t- f· 
(A-13) 
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0 2 3 4 5 6 

Length from entrance of heated section ( ft) 

MU-28771 

Fig. 20. Power dissipated alon~ tube. 
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B. Forced- Convection Boiling Data 

The following table (Table V) lists the reduced experimental 

data for the boiling of n-butanoL The units employed are those given 

in the Nomenclature" The symbols that may not be self-explanatory 

are: 

Synibo1 Definition 

BO•:<E4 Bo" 10 

DP/DLL [(dP/dt )Je (psi/ ft) 

DP/DLTP odP/d£ utpt (psi/ ft) 
., 

QdP/d£)tp/(dP/d£) 1] TP/LIQ (psi/ ft) 



TABLE V fORCED CbNVECTION BOILING 

RUN NO. 2.0 N-BUTANOL TEST SECTIO~ NO. 4 INSIDE DIAMETER,DI=0.038917 FT. 

FlOW RftTE,~= 670. LBS/HR ~ASS VELOCITY,G= 156.5 LDS/SEC.SQFT PO~ER= 7.52 KILJWATTS HEAT FLUX,Q= 36877. 8TUI~R.SQFT 

TE~PERATURE B~FORE FLASH= 277.4 F VELOCITY BEFORE FLASH= 1.1 FT/SEC 

loFT PSIA TO T I Til DELT HBU I l HLI Q X XTT NUB RENOL BD•E4 STANTN PRNOL DP/OLL OP/DLTP TPILIQ 

24.65 287.8 285.5 271.4 14.10 2616. 340 •• 0238 2.905 1487. 25854 •• 8960 .00520 10.79 .0358 0.300 8.39 

o.so 24.~1 288.7 286.4 270.9 15.55 2371. 335 •• 0408 1.752 1346. 25297 •• 8924 .00472 10.82 .0347 0.325 9.37 

leOO 24.16 288.1 285.9 270.3 15.58 2367. 329 •• 0578 1.253 1342. 24739 •• 8886 .00471 10.85 .~337 o. 375 11.14 

1.50 23.89 286.4 284.1 269.7 14.45 2551. 324 •• 0750 0.971 1445. 24175 •• 8845 .00508 10.89 .0326 0.440 13.49 

2•00 23.61 264.4 282.1 269.0 13.10 2815. 319 •• 0922 0.788 1593. 23611 •• 8802 .00561 10.92 .0316 0.520 1&.46 

2.50 2~.29 281.9 279.7 268.3 11.39 3239. 313 •• 1096 0.659 1830. 23030 •• 8754 .~0645 10.96 .0306 o. 650 21.27 

3~00 22.90 279.3 277.0 267.3 9.67 3812. 308 •• 1277 0.559 2151. 22402 •• 8691 .00760 11.01 .0295 0.850 28.80 

t•4o az.ss 211.0 274.7 266.~ 8.23 4480. 303 •• 1425 0.496 2525. 21880 •• 8633 .00895 11.06 .0287 1.150 40.11 

3.80 21.95 274.6 272.4 265.0 7.35 5017. 297 •• 1593 0.435 2821. 21215 •• 8534 .~1004 11.14 .)277 1.575 5&.77 

4.20 21.03 272.1 269.9 262.7 7.19 5131. 289 •• 1789 0.376 2876. 20359 •• 8383 .01030 11.26 .0267 2.075 77.72 

4.60 19.90 269.5 2h7~2 259.7 7.50 4914. ?81 •• 2003 0.324 2742. 19392 •• 8199 .00990 11.43 .0256 2.bl0 102.01 

6.00 1fl.58 266.6 2b4.3 2~6.1 e.29 4447. 272 •• 2235 0.278 2465. 1q319 •• 7977 .00899 11.63 .0244 3.230 132.28 

5.40 10.95 263.7 261.4 251.2 10.23 3606. 261 •• 2497 0.235 1986. 17068 •• 7680 .00735 11.88 .0231 3.950 170.68 

I 
-.} 

U1 
I 



TABLE V ICONTDl FORCED CONVECTION BOILING 

RUN NO. 3.0 ill-BUTANOL TEST SECTION NO. 4 INSIDE DIAMETER,OI=0.038917 FT. 

fL(l}j RATE,W= 868. LBS/HR MASS VELOCITY,G= 202.7 LBS/SEC.SQFT POWER= 9.98 KILJWATTS HEAT FLUX,Q= 48941. HU/HR.SQFT 

TF~PERATURE BEFORE FLASH= 263.7 F VELOCITY BEFORE FLASH= 1.4 FT/SEC 

lt61f I?SIA TO TI TB DELT HBOIL HL!Q X XTT NUB RENOL BO•E4 STANTN PRNOL OP/DLL OP/OLTP TP/LIQ 

o. 26.32 29R.7 295.7 275.1 20.59 2377. 430 •• o. 1359. 35276 •• 9920 .00363 10.6J .0584 0.475 8.13 

0.50 26.08 300.4 297~4 274.6 22.81 2145. 429 •• o. 1225. 35136 •• 9!!83 .00328 10.62 .0585 0.475 8.12 

1.00 25.78 300.5 297.5 273.9 23.62 2072. 429 •• o. 1182. 34962 •• 9838 .00317 10.66 .~585 0.625 

1~50 25.43 299.2 296.2 273.2 23.03 2125. 425 •• OOR7 7.405 1211. 34460 •• 9785 .00326 10.70 .0577 ~.720 12.48 

2~00 25.02 297.0 294.0 272.3 21.73 2253. 417 •• 0275 2.561 12B2. 33581 •• 9724 .00346 10.75 .0558 0.835 14.96 

2.50 24.56 294.6 291.6 271.2 20.37 2403. 410 •• 0468 1.546 1365. 32655 •• 9653 .00369 10.80 .J540 0.990 18.16 

3.00 24.02 291.7 288.7 270.0 18.71 2615. 402 •• 0667 1.091 1482. 31673 •• 9569 .00402 10.87 .0521 1.1!>5 22.36 

~.~o 23.50 289.0 286.0 268.8 11.21 2A43. 395 •• 0832 0.870 160B. 30B31 •• 9488 .00437 10.94 .0506 1.350 26.70 

3.80 21.92 286.0 2R3~0 267.4 15.59 3140. 3d8 •• 1003 0.715 1712. 29945 •• 9395 .00483 11.01 .04~0 1.5!>0 31.83 

4.20 22.21 282.6 279.6 265.1 13.87 3528. 380 •• 11o4 o.596 1986. 28971 •• 9277 .oo544 11.10 .J474 1. 830 38.51 

4.60 21.45 278.4 275.4 263.8 11.60 4220. 372 •• 1371 0.504 2369. 27950 •• 9146 .00653 11.20 .0458 2.1SO 

5•oo ao.75 274.8 211.8 261.9 9.82 4983. 364 .• 15'2 0.436 2790. 26988 •• 9028 .00773 11.30 .0442 2.635 59.63 

5.40 19.11 270.5 267.5 257.5 9.93 4927. 351 •• 1817 0.355 2739. 25287 •• 8750 .00768 11.55 .)420 3.240 77.09 



TABLE V fCO"'TDI FORCED CONVECTION BOILING 

IWN NO. 4.0 N-BUTANOL fEST SECTION NU. 4 INSIDE OIAMETER,DI=0.038917 FT. 

FLO~ RAfE,W=1530. LBS/HR MASS VELOCITY,G= 357.3 LCS/SEC.5QFT POWER= 9.81 KILOWATTS HEAT FLUX,Q= 48107. 8TU/HR.SQFT 

TE~PERATURE BEFORE FLASH= 287.0 F VELOCITY BEFORE FLASH= 2.( FT/SEC 

l:,liT I?SIA TO Tl OELT HBOIL HLIQ X XfT NUB RENOL BO•E4 STANTN PRNOL DP/DLL DP/DLTP TP/LIQ 

o. 36.23 303.4 300~5 293.8 6.66 7219. 706. o. 4252. 71585 •• 7470 .00619 9.59 .1544 

o.oo 36.20 3o6.3 301.4 293.7 9.65 4984. 706. o. 2935. 71541 •• 7466 .00428 9.63 .1544 

1.00 36.15 30~.6 30~~7 293.7 11.99 4013. 706. o. 2303. 71496 •• 7463 • 00344 9.60 .1544 

1.50 36.10 309.9 307.0 293.6 13.42 3584. 706. o. 2110. 71452 •• 7459 .00307 9.61 .1544 

2o00 36.05 310.6 307.7 293.5 14.16 3398. 701 •. 0084 9.108 20UO. 70806 •• 7455 .00291 9.61 .1522 

2.50 35.82 310.4 ~07.5 2Y3.1 14.39 3343. 695 •• 0190 4.326 1966. 69852 •• 7439 .00287 Y.63 .1494 

3.00 35.37 30'1.3 306.4 292.4, 14.04 3427. 687 •• 0310 2.730 2013. 68612 •• 7406 .00294 9.67 .1463 

3.40 34.72 307.9 305.0 291.2 13.71 3509. 618 •. 0428 2.004 2058. 67212 •• 7357 .00301 9.73 .1434 

3.80 33.80 306.0 303•1 289.6 13.42 3585. 668 •• 0564 1.520 2097. 65456 •• 7285 .00308 9.82 .1401 

4.20 32.70 303.4 300.5 287.7 12.81 3755. 657 •• 0712 1.194 2190. 63499 •• 7200 .00323 9.93 .1365 

4.60 31.45 300.0 297.0 285.4 11.67 4121. 644 •. 0872 0.959 2395. 61321 •• 7104 .00355 10.05 .1328 

5.00 30.05 29~.5 292.S 282.7 9.~2 4897. 631 •• 1043 0.784 2833. 58979 •• 6995 .00422 10.19 .12S8 

5~40 38.30 290.2 287~2 27g.3 7.98 6032. 615 •• 1241 0.638 34b9. 5o198 •• 6855 .00521 10.37 .1244 

o.l:lo 

0.100 

0.100 

O.lJO 

:1.350 

:J. 770 

1.!>50 

2.250 

~.600 

2.9!>0 

3.453 

4.180 

5. 375 

0.65 

0.65 

0.65 

0.65 

2.30 

5.15 

11.28 

15.69 

18.56 

21.!>8 

25.99 

32.45 

43.? 

I 
-..] 
-..] 



TABLE V tCO"lTD) FORCED CONVECTION BOILING 

RUN 1\0. 5.0 N-BUTANOL TEST SECTID"l NO. 4 INSIDE DIAMETER,OI=0.038917 FT. 

flOW RATE,W=1490. LBS/HR MASS VELOCITY~G= 348,0 LBS/SEC.SQFT POWER= 6,82 KILOWATTS HEAT FLUX,Q= 33469. 8TJ/~R.SQFT 

TE,PERATURE BEFORE FLASH= 289.4 F VELOCITY BEFORE FLASH= 2.5 FT/SEC 

loFT el>IA TO TI rB DELT HBOIL HLIQ X XTT NUB RENOL BO•E4 STANTN PRNOL DP/DLL DP/DLTP TP/LIQ 

o. 37.69 303.0 30l.C 296.2 4.77 7010. 695. o. 'tl't7. 70977 •• 2555 .00617 9.47 .1470 o. o. 

0.50 ~7.38 303.9 301.8 295.7 6.13 5460. 694. o. 3227. 70708 •• 2539 .00481 9. 49 .1411 o. o. 

1.00 17.00 304.5 30?.5 295.1 7.41 4514. 693. o. 2665. 70370 •• 2519 .00398 9.53 .1472 o. o. 

1.50 36,58 304.9 )02.d 294.4 8.46 3954. 692. o. 2331. 70001. .2498 .00348 9.56 .1473 0.950 6.45 

2.00 36.08 30~.0 302.9 293.5 9.40 3561. 687 •• 0079 9.633 2097. 69015 •• 2472 .00314 9.61 .1454 1.420 9.77 

2~50 35.41 304.8 302.7 292.4 10.31 ,324':i. 679 •• 0190 4.297 1906. 67682 •• 2437 .00286 9.67 .1427 1.800 12.61 

3,00 34.63 304,~ 302o2 291,1 11.11 3013. 671 •• 0309 2.708 1766. 66185 •• 2395 .00265 9.74 .1399 2.110 15.08 

3a40 ]3,84 303,9 301,9 289.7 12,19 2744. 663 •• 0417 2.026 1605. 64773 •• 2351 .00242 9.82 .1374 2.260 16.1>0 

3o80 3d.90 301.6 299,6 288.1 11.54 2900. 654 •• 0534 1.579 1692. 63202 •• 2299 .00256 9.91 .1347 2.470 18.34 

~.20 31.80 29d.8 296~8 286.0 10.77 3107. 643 •• 0665 1.257 1807. 61374 •• 2238 .00275 10.01 .1317 2.680 20.34 

4.60 30.69 295.5 l93.4 284.0 9.48 3531. 633 •• 0795 1.037 2048. 59594 •• 2177 .00313 10.12 .1288 2.980 23.13 

6.00 29.40 291.7 289.7 281.4 8.24 4061. 621 •• 0941 0.859 2344. 57540 •• 2105 .00360 10.25 .125~ 3.430 27.30 

5.40 27.81 287.1 285.0 278.2 6.79 4927. 608 •• 1110 0.708 2829. 55118. ~2011 .00438 10.43 .1220 4.250 34.84 

I 
-.I 
00 
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fllfll[ V !CCJNT[)) FORCED CO~VECT!UN BOlLIN~ 

RUN eH!. 11.1 'J-BUTAN0L TEST SECTIC' JO. 4 ['JS!DE Dl~MEfE~rDI=0.038917 FT. 

FLOW RAfE,~=i030. LBS/HR ~AS~ VELOC!TY,G= 240.5 LBS/SEC.S~FT P~~E~= 6.33 KILOWATTS HEAT FLUX,Q= 31041. 3TJ/i~.SQFT 

TEf'IPEi<ATURF bE:FO'l.E i"L~Sh= 236.2 F VfLUC!TY GFFORE FLASH= 1.7 FT/SE: 

L,FT PSIA TO Tl TB DELl HGLJIL hliC X IT r·iUI:I RE~OL HO•F4 STA~T~ PRNOL DP/DLL DP/OLfP TP/LIQ 

o. 34.31 >ll0.2 2%. "3 29C. 5 7. 79 3'1111. ':>11. 0. 2J3~. 47013 •• 660b .00508 9. 71 .)775 0.840 10.84 

0.50 34.31 3u0.2 298.3 29C.~ 7.79 1JA7. 511. 2135. 47013 •• !>506 .:)0508 9.7l .J775 12. 71 

1.00 33.37 2Y9.4 291.5 283.S B.h6 3~83. 507 •• oo~c Il.t;6l ?u~3. 46157 •• 6536 .oo457 9.Bo .J?t>B 1.140 14.34 

1.50 32.73 /98.3 290.4 287.7 8.65 )ja'>. ~00 •• 01'~2 4.0S2 Z'l'l.l. 4~160 •• 6~H8 .004'>3 9. 'l2 • )751 1.2'15 17.24 

36'l'>. 492 •• 03'l6 2.4U ?L48. 44:)06 •• 643:J .:J0472 10.0J .0733 1.455 19.84 

2.50 31.06 Z~4.U ?92.9 2d4.6 8.24 3767. 4n'•· .04:rf, 1.675 21.>::7. 42798 •• 6365 .OC482 10.0~ .Jll5 1. 635 22.97 

3.00 3U.15 29~.8 ·290.9 2~2.; 7.98 13~1. 47~ •• 063& 1.272 2!~2. 41562 •• 6?97 .0049S 10.18 .J696 1. 830 26.29 

3.40 ~9.33 2~1.1 239.2 281.3 7.BH 3941. ;69 •• 0767 1.04Y 2~74. 404~7 •• 621~ .DJ~05 10.2S .)681 2.0)5 29.46 

3.80 Zd.45 2H9.J 2Yi.4 /79.6 7.~2 3-Jlr). 4(,:' •• 0?•11 O.H83 2.ifl4. 39394 •• 6167 •. ):1510 10. 3'5 .)665 2.22:) 33.39 

4.20 2/.54 2d7.J 2~~-1 277.7 7.40 4 1 'Ft • 4 55 • • 1 0 I i1 0 • 7 ~ '• ? 1t 0 6 • 3 8 ~ 4 9. • 6 ~ 9 2 • 0 0 5 3 9 1 0 • '• 6 • :.> 6 4 9 ?.485 38.30 

4.60 26.46 204.~ 282.5 ~75.4 1.07 4391. ~40 .• 11JR 0.~45 2~11. 36~74 •• 6004 .~0566 10.58 .)632 2.640 44.97 

5.0C 2S.23 23:.1 211.2 272.7 6.50 4fl2. 43b •• 13'>(' 0.5i2 2118. 35:>62 •• 5~04 .DJ617 10.72 .J613 3.365 54.87 

5.40 23.74 !.76.) 2Li.O 26S.3 ~.70 5442. 426 •• 151~ 0.4~9 lGdl. 33J20 •• 5782 .00705 10.91 .)5~3 4.22) 71. 18 



TABLE V ICONTD) FORCED CONVECTION BOILING 

RUt~ NO. 12.0 N-BUTANOL TEST SECTION NO. 4 !~SIDE DIAMETE~,Dl=O.D38917 FT. 

FLOW RATE,W=t055. LdS/HR MASS VELOCITY,G= 246.4 LBS/SEC.SQFT POWER= 9.50 KILOWATTS HEAT FLUX,Q= 46587. BTU/iR.SQFT 

TEMPERATURE BEFORE FLASH= 292.5 F VELOCITY BEFORE FLASH= 1.8 FT/SEC 

ltFT PS.IA TO Tl TB DELT H!lOIL HLIQ X XTT NUB RENOL BO•E4 STANTN PRNOL DP/OLL DP/OLTP TP/LIQ 

o. 39.69 316.0 31J.2 299.4 13.77 3382. 531 •• o. 2011. 51471 •• 4888 00420 9.30 .0801 1.125 14.05 

0.50 39.12 J15.6 312.8 298.5 14.32 3252. 530. o. 1931. 51119 •• 4829 .00404 9. 35 .0802 1.255 15.65 

1.00 38.45 314.4 311.6 297.4 14.13 3296. 527 •• 0044 17.000 1954. 50487 •• 4760 .00410 9.41 .0796 1.400 17.58 

1~50 37.68 312.5 ~09.7 296.2 13.45 3464. 518 •• 0223 3.845 2050. 49131 •• 4681 .00431 9.47 .0773 1.565 20.26 

2.00 36.82 310.1 307.3 294.8 12.52 3722. 508 •• 0408 2.161 2196. 47684 •• 4593 .00463 9.54 .:>748 1.750 23.39 

2.50 35.86 307.5 304.6 293.2 11.46 4064. 499 •• 0600 1.479 2391. 46175 •. 4495 .00506 9.63 .0723 1.975 27.31 

3.00 34.76 304.6 301.7 291.3 10.43 4468. 488 •• 0800 1.101 2620. 44564 •• 4381 .00556 9. 73 • 0698 2.220 31.81 

3.40 33.78 302.L 2~?~2 289.t 9.64 4831. 479 •• 0968 0.899 2826. 43190 •• 4273 .00602 9.82 .0677 36.19 

3.80 3~.69 2~9.5 290.6 287.7 8.97 5194. 470 •• 1142 0.748 3029. 41752 •• 4154 .00647 9.93 .:>656 2.720 41.48 

4•20 31.54 296.7 293.8 285.5 8.29 5616. 460 •• 1321 0.632 3265. 40253 •• 4030 .00701 10.04 .0634 3.030 47.79 

4~60 30.21 293.8 290.9 283.0 7.90 5894. 449 •• 1513 0.536 3412. 38629 •• 3886 .00737 10.17 .0611 3.455 56.50 

&.oo za.1o zgo.e 287.9 2sc.1 7.85 5938. 438 •• 171 7 0.456 3419. 36876 •• 3719 .00744 10.33 .0588 4.0~5 69.65 

5.40 26.95 287.3 284.4 276.5 7.96 5850. 424 •. 1939 0.386 3350. 34916 •• 3508 .00735 10.52 .0563 5.130 91.15 

I 
00 
0 
I 



TilllLE V (U,Ni"f1) FORCED CU~VECTID~ BOlLIN~ 

RIJN 1\0. 13.0 . ~-BUT A!\UL rc:sr <;fCT!ll:'< JU. '·· I~S!D[ D!lMETER,0!=0.33A917 FT • 

FLO~ ~ATE,h=l095. LB~/H~ MASS VELnCITY,I;= ?55.7 LB~ISEC.SQFr PD~CR= 10.77 K!LJWATTS HE~T FLUX,Q= 52839. aTU/i~.SQFT 

THPER;\TU'<E I>EFUili' FLASii= 283.1 F VELOCITY BEFORE FLASH= 1.8 FT/SEC 

l,FT PSIA TO TU DELT HGOIL HllQ X xrr ''l'l\ RENOL BO•E4 STANTN PR~OL JP/OLL OP/DLTP TP/LIQ 

o.· 3~.94 319.9 316.7 2i8.2 18.48 2!359. 545. 0. 1h96. 52442 •• 7113 .00342 9. 36 .0856 0.590 6.39 

o.so 38.46 319.7 316.5 297.4 19.04 277'3. 544. 0. 16~~- 52639 •• 7058 .J0332 9.4[) .0857 1. 022 11. ~3 

1.00 37.87 319.1 315.'1 2'ciC.5 19. <7 2727. '>43. o. 1614. 52272 •• 6992 .00327 9.45 .0857 1.33) 15.51 

1.50 37.14 318.8 315.6 295.J 10.~6 260C1. ~42. 0. 1~40. 5tao6 •• 6911 .00312 9.52 .0858 1.5~5 18.58 

2.00 36.30 315.9 312.7 LSJ.9 18.16 2817. ~36 •• 0094 8.240 1659. ~n1ao •• 6B17 .00338 9.5'1 .)845 1. 751 2J. 71 

2.50 35.36 313.1 3u~.9 29L.3 17.~2 1 o 1 :, • 5 26. • o 2 'l 1 2 • t' 4 1 1 n 1 • 4 '! 16 4. • 6 1 1 3 • o o 3 61 ''1.67 .0817 1.8~5 23.JH 

3.00 34.35 30~.8 3n~.6 ?~0.6 16.02 J29r. 515 •• o5~6 1.100 1~32. ·47476 •• 6593 .00396 2. )4) 25. ~0 

3.40 33.53 3o7.o 30J.9 zaq.z 14.60 1610. 506 •• 0673 1.278 2115. 46142 •• 6~95 .00434 9.85 .J7~') 2. 215 28.96 

3.80 32.61 303.8 300.6 237.5 13.04 4052. 497 •• 08'•6 1.008 2)63. 1t 1t133 •• 6386 .00487 9.94 .JH1 2.455 33.12 

4.2o jl.55 3CCJ.5 297.3 ~85.6 ll.lv 4517. 486 .• 10J0 0.815 26?6. 43189 •• 6261 .00543 10.04 .0717 2.8)) 39.05 

4.60 ~0.32 207.1 291.8 ~83.2 10.51 4981. 475 •• 1225 0.669 2SR5. 41520 •• 6115 .00600 10.16 .06~2 3. 2 ~5 46. '12 

5.00 28.83 !93.6 2'10.4 ZBC.J 10.06 5252. 463 •• 143~ n.?52 3025. 39630 •• 5~3? .D0&34 10.31 .J&o5 4.0o5 61. L 7 

5.40 26.99 2Y0.1 286.8 276.5 10.10 5131. 449 •• 1680 0.453 2919. 37427 •• 5~~4 .00621 10.52 .)635 5. 4 7J 86.16 

I 
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fABLE V ICOtHJl FO~CED CC\VECT!~~ BOlLIN~ 

.{[J'j 1\0. 14.0 ·~-3UTA\IOL rEST s~crru~ ~o. 4 1\ISIDE OIAMETER,Dl=0.~38917 FT. 

FLOW RArE,~= 725. LUS/HR MASS VELOCITY,~= 16~.3 LBS/S~C.SQFf PO~ER= 10.70 KlL)WAfTS HEAT FLUX,~= 52,71. 3TU/i~.SQFT 

fE~PE~~TUR~ BEFORE fLASH= 2HG.5 F VELOC!fY BEFORE FLASH= 1.2 Ff/SEC 

loFT PSIA TO T I TB HllO!L f<Lltl X x r r RE~DL GU•E4 SfANTN PRNOL OP/OLL OP/OLTP TP/LIQ 

o .• 33.15 304.1 1C0.9 28E.5 12.31 't235. 334. o. 2473. 32592 •• ~571 .00768 9.8R .J420 l. 315 31.30 

0.50 32.45 303.7 300.3 287.2 1].31 1943. 333. o. 22~s. 3?ZB? •• ~546 .oo715 9.~5 .0421 1.3:>5 32.45 

1.00 3.1.76 102.3 29~.1 286.0 13.13 39~7. 376 •• 017" '.2HZ 2325. 31407 •• 9428 .00726 10.02 .J4J8 1.425 34.92 

1.50 31.03 30J.6 297.4 234.6 12.7H \105. 367 •• 043~ 1.A4~ 2383. 38265 •• 9296 .00746 10.09 .J3~0 1.51J 36.71 

2.00 30.26 298.7 29S.S 283.1 12.40 4231. 15f •• 06G/ 1.170 ?~SG. 29119 •• 9157 .00770 10.17 .0372 1.610 ,3.24 

2.50 29.46 29b.5 29J.1 2a1.6 11.16 4463. 34° •• 095~ 0.94~ 25fb. ~7~69 •• 9~12 .J0813 10.25 .JJ55 1.745 

3.00 2~.50 l~~.1 /90.~ 279.7 11.25 46&5. 339 •• 122~ 0.646 2634. 2~748 •• S936 .00351 10.35 .)337 1.n5 57.J9 

4807. 331 •• 145~ 0.515 275~. 25726 •• 8&69 .OOR76 10.44 .)323 2.1SJ 66.57 

3.eo 26.70 2s~.a ·a~.f 27~.9 10.62 4939. 322 •• 168~ 0.450 2F~G. 24664 •• 8480 .00~03 10.~~ .J3J9 7'1.55 

4.20 25.66 251.3 /84.1 27!.7 IJ.3~ 504A. 313 •• 191'1 0.382 2&79. 23532 •• 8277 .J0926 10.67 .J294 2.B:JO ~5.18 

4.60 ;>·<.44 Zfi4.5 l!JI. 3 27C.9 10. 31, >062. 3n3 •• Zl6l 0.325 2P75. 22363 •• 803·~ .DG93l 10.82 .J279 3.1R5 114.J:J 

5~00 23.C7 2Al.'t /E..i 267.g 10.31 'i049. 2'•3 .• 2427 0.277 /5~1. 21111 •• 7764 .00~30 10.99 .J£64 3.635 137.48 

5.40 21.58 277.3 274.0 264.1 ~.94 527R. znz •• 2690 0.237 2~u4. 1l812 • • 7440 .00977 11.18 .J249 4.12J 165.24 

I 
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TABLE V ICONTOl FOKCED CONVECTION BOILING 

RUN ~0. 15.0 N-BUTANOL TE~T SECTION NO. 4 INSIDE DIAMETER,Dl=0.03A917 FT. 

ELOW RATE,W= 750. L0S/HR MASS VELOCITY,G= 175.1 LBS/SEC.SQFT POWER= 7.79 ~ILJWATTS HEAT FLUX,Q= 38201. BTU/~R.SQFT 

TE~PERATURE BEFORE FLASH= 285.u F VELOCITY BEFORE FLASH= 1.3 FT/SEC 

l,FT PSI~ TO TI TB DELT 

o. ~1.92 298.5 !96.1 286.2 9.89 

0.50 31.4~ 298.7 296~4 285.4 11.03 

1.00 30.93 298.5 296.2 284.4 11.78 

1.50 30.34 297.7 ~95.4 283.3 12.1? 

2.00 29.70 296.2 ?.93.6 282.0 11.79 

2.50 28.88 294.3 2~2.C 28C.4 11.54 

3.00 23.00 292.1 289.8 278.6 11.16 

3.40 27.2~ 290.2 287.8 277.1 10.76 

3.80 26.37 ~88.0 285.6 275.2 10.43 

4.20 25.37 285.5 283.1 273.0 lO.Ob 

4.60 24.2Y 282.7 280.4 27C.6 Y.79 

5.00 21.07 279.8 277.4 267.8 9.69 

5.40 21.65 276.1 271.7 264.3 9.44 

HBOIL HLIQ X XTT NU~ RENOL BO•E4 STANTN PRNOL DP/DLL OP/DLTP TP/LlQ 

3863. 393. o. 2248. 33148 •• 7765 .00678 10.00 .J447 

3463. 387 •• 0160 4.718 2013. 32404 •• 7707 .00608 10.05 .0435 

3242. 380 •. 0341 2.327 18H1. 31580 •• 7643 .00570 10.10 .0421 

1152. 373 •• 0528 1.528 182~. 30706 •• 7568 .00554 10.16 .J408 

3241. 366 •• 0719 1.125 1873. 29805 •• 7486 .00570 10.22 .03~4 

3311. 359 •• 0921 0.870 1908. 28807 •• 7382 .00583 10.31 .0380 

3423. 351 •• 112q 0.698 19o6. 27766 •• 7261 .00604 10.41 .0365 

3549. 344 •• 129S 0.597 2014. 26920 •• 7157 .00627 10.49 .0354 

3664. 337 •. 147S 0.513 20~5. 25998 •• 7035 .00648 10.59 .0342 

3790. 329 •• 1666 o.443 21ou. 25007 •• 6899 .oo672 10.11 .0330 

3901. 321 •• 1861 0.385 2214. 23978 •• 6749 .00693 10.84 .0317 

3944. 312 •• 2066 0.334 2227. 22883 •• 6577 .00702 10.99 .0304 

4048. 303 •. 2288 0.289 2274. 21667 •• 6360 .00724 11.18 .J291 

0.905 20.25 

1.100 25.30 

1.135 2b.94 

1.275 31.27 

1.430 3b.29 

1.b15 42.53 

1.830 50.08 

2.025 57.22 

2.2b5 6b.23 

Z.5b0 77.65 

2.890 91.09 

3.340 109.71 

4.045 139.05 

I 
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TABLE V FOKCEO CONVECTION BOILING 

RUN NO. 16.0 N-BUTANOL TEST SECTION ~0. 4 INSIDE DIAMETER,OI=0.038917 FT. 

FlBW RAlE,W~ 750. LBS~HR MASS VELOCITY,G= 175.1 LBS/SEC.SQFT POWER= 5.80 KILDW4TTS HEAT FLUX,Q= 28442. STJ/~R.SQFT 

TE~PERATURE BEFORE FLASH= 285.1 F VELOCITY BEFORE FLASH= 1.3 FT/SEC 

l,FT PSIA TO TI TB DEll HBOIL HLIQ X XTT NUB RENOL BO•E4 STANTN PRNOL DP/DLL DP/DLTP TP/LIQ 

o. 30.39 294.ij 293.1 283.4 9.69 2935. 388 •• 0071 9.742 1700. 32213 •• 0530 .J0516 10.15 .)443 1.145 25.86 

0>50 29.80 293.7 292.C 282.2 9.77 ~910. 382 •• 0223 3.390 1682. 31444 •• 0474 .00512 10.21 .0431 1.160 26.88 

1.00 29.21 292.5 290.7 281.1 9.67 2940. 376 •• 0374 2.076 1696. 30691 •• 0418 .00518 10.27 .0420 1.185 28.19 

1.60 28.58 291.0 289.3 279.8 9.46 J006. 371 •• 0528 1.484 1730. 29922 •• 0358 .00530 10.34 .04J9 1.235 3~.17 

2.00 27.93 289.3 287.6 278.5 9.11 1123. 364 •• 0684 1.144 17~4. 29127 •• 0290 .00551 10.41 .0398 1.31~ 32.~0 

2.50 27.25 287.5 285.7 277.1 8.66 3283. 358 .• 0842 0.923 18H2. 28331 •• 0219 .00580 10.49 .0397 1.415 36.56 

~.00 26.52 28S.6 283.H 275.5 8.27 3439. 352 .• 1004 0.765 1967. 27512 •• 0144 .00608 10.57 .0376 1.580 42.~4 

3.40 25.85 283.9 282.1 274.1 8.06 3528. 346 •• 1141 0.664 2013. 26794 •• 0076 .00625 10.65 .0366 1.77J 48.30 

3.Bo 25.10 282.2 280.4 272.4 g.oo 3555. 340 •• 1283 0.581 ~024. 26042 •• OJOO .00631 10.74 .0357 2.030 56.98 

4.20 24.19 280.1 ?78.4 27C.4 8.00 1556. 334 •• 1439 0.506 2017. 25176 •• 9906 .00632 10.85 .0347 2.380 68.66 

4.60 21.14 277.5 27~.R 267.9 7.86 ~620. 327 •• 1606 0.442 2044. 24240 •• 9796 .00645 10.98 .0336 2.810 83.66 

5.00 21.88 274.3 272.6 264.8 7.75 1671. 318 •• 1793 0.382 2064. 23155 •• 9552 .00656 11.15 .0324 3.340 103.04 

5.40 20.35 270.2 26A.5 260.9 7.59 3748. 309 •• 2004 0.327 2095. 21901 •• 9480 .00673 11.36 .0311 4.020 129.18 

I 
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fA3LE V IUhf~) FORCED CO\VECTIO~ BOlLIN~ 

'J-C\U f A\JOL r;::q ScCTlilN Nn. 4 !~SIDE DIAM~TE~,Dl=O.J38917 FT. 

FLO~ ~AiE,~=1490. LB~/HR MASo VELOCITY,G= 34J.C LDS/SEC.~~FT P2~eR= 5.77 KILJWATTS HEAT FLUX,Q= 292}5. 8TJ/~~.SQFT 

fl~PER~TUR~ BEFURF fLASH= 286.0 F VELOCITY ~EFO~E FLASH= 2.5 FT/SEC 

L,FT PSIA TO T 1 Til 'lEU Ht;OIL HL!O X T T RE~CL BO•E4 STA~T~ PR~Ol DP/DLL DP/OLTP TP/LIQ 

o. 31.72 309.3 J07.f 296.3 11.35 0. 1475. 71002 •• 0~1~ .00219 9.47 .1470 0.205 1.39 

o.5o 31.54 111.1 110.~ 2Jt.o 13.97 2026. 1;94. 0. 11~3. 70851 •• 0~08 .DOllS 9.48 .1471 :).4)) 2.n 

1.00 17.2~ 31<:'.3 ~07.'1 295.6 !1.4H ~099. 694. o. 124J. 70627 •• 0597 .00185 9.50 .1471 J.6)5 4. 11 

1.50 16.~5 309.0 307.~ 295.0 1?.21 2314. 693. 0. t3~6. 70326 •• 0582 .00204 <J.S3 .1472 0.81'> 5.54 

2.00 36.48 3~7.1 305.3 294.2 11.11 (1. 15Gl. 6~914 •• 0561 .00224 9.57 .1473 1. 0 75 7.30 

2.50 35.82 305.1 303.3 2J3.1 10.23 2.766. t9C. o. 16n. 6'1343 •• J532 .oo244 9.63 .1475 1. 33) 

3.00 35.04 301.1 302.2 291.~ ~C.3S 273S. 6R4 •• OOEC ~.4?1 1(G5. A~l23 •• 04~8 .00241 9.70 .1456 1.620 ll. 12 

3.40 3&.35 301.9 300.? 29S.b 9.62 2942. 677 •• 0173 4.601 17~4. 66~66 •• 0~05 .00259 9.77 .l43!t l.BSJ 12.91 

3.80 33.49 298.6 296.~ 23~.1 7.77 3641. (6~ •• 0278 ?.935 2128. 6540A •• 0425 .00121 9.85 .1410 2. 1 3J 15. 11 

4.20 32.48 ~.5.8 2~4.1 287.3 6.80 4161. 66G .• 03~4 2.056 24?5. 63/54 •• GJ7B .OJ1~7 9.~~ .1333 2.460 1 7. 7 9 

4.60 31.)8 2~1.0 2~1.~ 285.? 6.03 463Y. t50 •• 0518 1.~83 27i4. ol'172 •• 03?7 .00415 10.05 .13~5 2.850 21. 11 

5.00 10.11 2~0.0 Z~B.~ 282.~ 5.46 5t7'l. C3<J • • 06SL 1 .2J9 ?:J'~7. 5~'-i77 •• J267 .QJ4S9 lO.lH .1324 3. 44:) 25.~8 

5.40 2&.50 285.5 234.8 27S.7 5.08 5568. 626 •• 0819 0.970 3?G4. 57~42 •• 0190 .00494 10.35 .1289 4.42J 
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TABLE V lCONTDl FORCED CONVECTION BOILING 

RUN NO. 18.0 N-BUTANOL TEST SECTION NO. 4 !~SIDE DIAMETE~,DI=0.038917 FT. 

EtOW RA~E,Wkl490~ LBS/HR MASS VELOCITY,G= 348.0 LBS/~EC.SQFT POWER= 8.00 KILOWATTS HEAT FLUX,Q= 39231. BTJ/~R.SQFT 

TEMPERATURE BEFORE FLASH= £86.2 F VELOCITY BEFORE FLASH= 2.5 FT/SEC 

l:oFT I?S.IA· TO TI TB DELT HBOIL HLIQ X XTT NUB RENOL BD•E4 STANTN PR~OL DP/DLL DP/DLTP TP/LlQ 

o. )9.35 315.4 313~0 298.8 14.14 2775. 699 •• o. 1648. 72396 •• 4819 .00244 9. 33 • 1466 0.500 3.41 

o.so 39.23 ~17.4 315.1 298.7 16.40 2392. 699. o. 1420. 72291 •• 4811 .00210 9.34 .1467 0.340 2.32 

1.oo 39.06 317.5 315.1 29e.4 16.12 2346. 69R. o. 1.193. 72144 •• 4801 .::>0206 9.35 .1467 0.520 3.54 

1.50 38.81 316.5 314.1 298.0 16.13 2431. 697. o. 1442. 71928 •• 4785 .00214 9.38 .1468 0.765 5.21 

2.00 38.47 315.4 313.0 297.~ 15.53 2526. 697. o. 1497. 71&37 •• 4765 .00222 9.40 .1468 1.045 7.12 

2.50 37.86 313.5 311.1 296.5 14.61 2685. 695. o. 1539. 71120 •• 4727 .00236 9.45 .1470 1. 3H 9.49 

3.00 36.98 110.7 308.3 295.0 13.25 2961. 689 •• 0077 10.001 1748. 69809 •• 4673 .00261 9.53 .1452 1. HO 12.33 

3.40 36.18 308.2 305.8 293.7 12.07 3250. 68l •• 0193 4.277 1914. 68306 •• 462~ .00286 9.60 .1424 2.170 15.23 

3.80 35.21 305.3 302.9 292.1 10.81 3628. 671 •• 0321 2.644 2130. 66617 •• 4566 .00320 9.68 .1395 2.585 18.54 

4.20 34.07 302.3 299.9 290.1 9.79 4009. 661 •• 0462 1.846 2146. 64665 •• 4492 .00353 9.79 .1362 3.020 22.17 

4·60 32~71 299.2 2~6.8 287.7 9.09 4314. 648 •• 0617 1.371 2J16. 62479 •• 4404 .00381 9.93 .1327 3.495 26.34 

5~00 .1.30 295.7 213.3 285.1 8.24 4760. 635 •• 0779 1.070 2765. 60206 •• 4313 .00421 10.06 .1291 3.980 30.84 

5.40 29.43 291.5 289.1 281.5 7.58 5178. 620 •• u975 0.830 2989. 57353 •• 4190 .00459 10.25 .1248 4.31J 34.53 
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TABLE V lCONTDl FORCED CONVECTION BOILING 

RUN 1\0. 1"1.0 N-BUTANOL TEST SECTION NO. 4 INSIDE DI~METER,DI=0.038917 FT. 

FLOW RATE,W=1490. LBS/HR MASS VELOCITY,~= 348.0 LBS/SEC.SQFT POWER= 10.30 KILJWATTS HEAT FLUX,Q= 50510. BTU/~R.SQFT 

TE~PERATURE BEFORE FLASH= 285.5 F VELOCITY BEFORE FLASH= 2.5 FT/SEC 

L,FT PSI~ TO T l TB DELl 

o. 41.42 321.4 31d.3 302.0 16.34 

0.50 41.29 322.0 31H.9 301.8 17.11 

1.00 41.06 322.4 319.3 301.5 17.84 

1.50 4(1.69 322.4 3i'1.3 300.9 18.42 

2.00 40.18 322.1 319.C 300.1 16.86 

2.50 39.48 320.5 311.4 299.1 18.36 

3.oo 3e.6o 318.2 31~.1 2"17.7 17.46 

3.40 37.80 316.0 312.9 ~~6.4 16.52 

3.80 36.86 311.6 310.5 294.8 15.66 

4.20 35.75 310.9 307.9 293.0 14.86 

4.60 34.50 ~07.5 304.4 290.9 13.55 

5.00 31.94 3C2.4 29~.3 288.1 11.18 

5.40 30.84 295.4 2~2.3 284.2 8.0~ 

HBDIL HLIQ X XTT NUB RENOL BD•E4 ST~NTN PRNOL DP/DLL DP/DLTP TP/LIQ 

3092. 701•· o. 1945. 74142 •• 9235 .00272 9.16 .1462 0.200 1.37 

2951. 703 •• o. 1761. 74033 •• 9226 • 00259 9.17 .1462 0.380 2.60 

2832. 703. o. 1oB<J. 73842 •• 9209 .00249 9.19 .1463 0.6)5 4.14 

274?.. 702 •• o. 1634. 73537 •• 9182 .00241 9.22 .14!>3 o. 865 

2679. 701 •• o. 1594. 73119 •• 9145 .00235 9.26 .1464 1.145 7.82 

2751. 699 •• o. 1634. 72509 •• 9090 .00242 9.32 .1466 1.480 10.10 

2893. 693 •• 0067 11.615 1715. 71266 •• 9020 .00255 9.39 .1451 1.825 12.58 

3057. 684 •• 0199 4.274 1809. 69657 •• 8957 .00269 9.41> .1419 2.160 15.22 

3225. 674 •• 0341 2.559 1403. [)7852 •• 8883 .00284 9.54 .1386 2.470 17.83 

3399. 663 •• 0494 1.776 19"19. 65857 •• 8796 .00299 9.64 .1350 2. :no 21.48 

3729. 651 •• 0658 1.326 2185. 63696 •• 8694 .00329 9.75 .1312 3.220 24.54 

4520. 637 •• 0842 1.017 2638. 61174 •• 8564 .00399 9.90 .1211 4.480 35.25 

6276. 618 •• 1067 0.777 3641. 57953 •• 8390 .00555 10.11 .1222 6.890 56.39 
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TABLE J ( C C• H D l FORCED CCNVECTIO~ BOILING 

fEST SECTION NO. 4 !~SIDE DlftMETE~,DI=J.D38917 FT. 

FLOW ~ATE,~=1705. L3S/HR MASS VELOCITY,G= 39~.2 L~S/SEC.SQFT PL:~~R= 10.52 KILJWATTS HEAT FLUX,Q= 51&13. lTU/iR.SQFT 

TE~PE~~TURE BEFOKE FLASH= 2H5.9 r V[LOClfY ~EFORE FLASH= 2.9 FT/SEC 

o.,FT PSIA ru T I~ DELT Hf.Ol L HL ll~ X :nr ,~liB RENOL SG•E4 STANTN PRNOL DP/Dll DPIDLTP TP/LIQ 

o. 1d.28 3:'1.& Hi>.~ 304.8 11."10 4412. 7RR. 0. 2045. 86&15 •• 72~8 .00339 9.02 .1846 0.085 

0.50 4J.19 321.7 311.6 30~.6 13.9~ 36'12. 7tl8. o. 2213. 86~33 •• 72~3 .00283 9.03 .184& 0.180 0.98 

1.00 4~.03 3l2.9 3L9.R 304.5 15.l1 3371. 786. o. 202C. Hb432 •• 72fit- .00259 9.04 .18<t6 0.325 1.76 

1.50 4?.E6 3L3.4 3~Q.3 104.2 16.10 ;;>05. 7A6. o. 1~1~. 66L32 •• 7272 .J0246 9.05 .18'<7 0.55) 

2.00 42.51 ~21.3 3~0.1 103.6 16.48 1132. 787 •• o. 1P"I4. ~58J6 •• 724~ .00240 9.08 .1848 ).835 4.52 

2.50 41.~9 322.4 31~.3 302.~ 16.45 1138. 7:!5. o. lA75. 8533~ •• 721~ .J0241 9.12 .1849 1.190 6.44 

3.00 41.27 320.7 Hl.:i 301.8 1'i.7S 3276. 7>14. 0. 195~. 846~7 •• 71&7 .00252 9.18 .1!l51 1.435 7.75 

3.40 40.48 HC!.·~ ·ns.7 3UC.~> 1·>.11 .1417. 7<! I. o. 2035. 8l950 •• 7116 .002&2 9.24 .1853 2.)40 11.01 

3.80 31.51 316.6 313.5 2~'-' 14.3~ 1596. 773 •. 0100 8.207 2137. 8?174 •• 7049 .00276 9. 32 .1824 2.520 13.82 

4.20 1i>.. 32 3-lj.q .ll'). 7 2~7.2 13.4'1 .1329. 7i>0 •• 0249 3.495 22.:.'1. 797<17 •• o'l6~ .002'14 9.42 .1779 17.34 

4.~0 16.d1 310.1 30~.) 2~~.2 12.18 423'1. 745 •• 0421 2.101 2501. 76954 •• 6559 .00326 9.54 .1729 3. 775 21.!13 

jj09. 711 •• 0593 1.4R3 1118. 74158 •• 6753 .00409 9.68 .167'1 4.660 27.75 

~.40 33.20 299.1 l9~.~ 28B.S 7.3~ 7025. 712 •• 0806 1.06G 4102. 70514 •• 6597 .00541 9.88 .161'1 5.935 3&.~5 
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TAI)LE V !CONTOJ FORCED CONVECTION BOILING 

!{UN NO. 21.0 N-BUTANOL TEST SECTION NO. 4 !~SIDE DIAMETER,DI=0.038917 FT. 

FLOW KAfE,W=1590. LBS/HR MASS VELOCITY,G= 371.3 LDS/SEC.SQFT POWER= 7.54 KILOWATTS HEAT FLUX,Q= 36975. BTJ/HR.SQFT 

TE~PERATUR~ BEFORE FLASH= 285.7 F VELOCITY BEFORE FLASH= 2.7 FT/SE: 

l,FJ ?SIA TO Tl TB DELT 

o. 40.1Y 311.2 308.9 30C.2 8.77 

0.50 40.12 313.1 310.8 300.1 10.77 

1.00 40.00 313.7 311.5 29S.9 11.62 

1.50 39.81 313.i 311.2 29S.6 11.67 

2.00 39.48 Jl2.R 310.5 299.1 11.47 

2.50 38.97 311.7 309.4 298.2 11.16 

3.00 38.23 310.2 JOB.O 297.1 10.91 

3.40 37.51 309.0 306.7 295.9 10.80 

3.80 36.62 307.5 305.2 294.4 10.79 

4.20 35.48 305.6 30).3 292.5 10.78 

4.60 34.19 302.7 300.4 290.3 10.11 

5.00 32.73 20A.4 296.2 287.7 A.44 

5.40 30.95 291.8 289.5 284.4 5.07 

HBOIL HLIQ X XTT NUB RENOL BO•E4 STANTN PRNOL DP/Dll DP/DLTP TP/LIQ 

<t214. 738. 

3433. 738. 

~H69. 737. 

3224. 736. 

3312. 735 •• 

3388. 733. 

o. 

o. 

o. 

o. 

o. 

o. 

o. 

2508. 78035 •• 3134 .00347 

2043. 77975 •• 3130 .00283 

1893. 77864 •• 3124 .00262 

1884. 77685 •• 3113 .00261 

1916. 77376 •• 3095 .00266 

1965. 76903 •• 3068 .00273 

20(•7. 76226 •• 3027 • 00279 

3423. 730 •• 0019 35.706 20~4. 75433 •• 2989 .00282 

3428. 7?1 •• 0135 5.982 20?2. 73727 •• 2941 .00283 

3429. 711 •• 0267 3.141 2015. 71716 •• 2980 .00283 

3656. 699 •• 0412 2.060 2140. 69475 •• 2806 .~0302 

9. 26 .161tl 

9.27 .16H 

9. 28 .1641 

9.29 .1642 

9.32 .1643 

9.36 .1644 

9.42 .1646 

9.48 .1642 

9.56 .1611 

9.66 .1577 

9. 78 .15ft0 

4384. 686 •• 0568 1.485 2557. 67042 •• 2723 .00362 9.92 .1500 

7287. 670 •• 0749 1.104 4229. 64139 •• 2622 .00604 10.10 .1455 

0.040 

0.215 

0.430 

0.675 

0.9!>0 

1.290 

1.675 

2.0:>5 

2.390 

2.795 

3.265 

3.875 

4.880 

0.24 

1.31 

2.62 

4.11 

5.84 

7.85 

1:>.18 

12.21 

14.83 

17.73 

21.21 

25.83 

33.54 



TABLE V FURCED Cfl~VECT!O~ HOlLING 

RUN ~;fl. 22.0 fEST ScCTICN NO. 4 I"S!DE Dl•H'EHR,DI=0.03A917 FT. 

FLOW RATE,W= 585. LHS/HR MAS~ VELOCITY,G= 136.0 L3S/SEC.~QFT ~D~E~= 6.33 K!LJWATTS HEAT FLUX,Q= 31~~1. BTJ/i~.SQFT 

TE~PERlTU~~ REFJRE FLI~H~ ~R6.4 F VCLUC!TY GEFO~E FLASH= 1.0 Ff/SEC 

L,FT f'S!A tQ I! Tll 

o. 2d.96 2~J.5 29l.L 28C.G lt.Or 

0.50 28.57 ZYZ.4 29~.5 Z7S.8 1J.f~ 

1.00 28.05 291.1 ~8~.2 278.7 1J.43 

1.50 27.41 zsq.s ~37.f 211.~ :0.1? 

2.00 2b.71 2H7.7 IBS.J 276.0 ~.BJ 

2.50 25.89 28~.6 ?3j.7 274.~· ~.j7 

3.00 24.95 2Hl.4 2~1.~ 272.1 }.]U 

3.80 23.39 27~.4 271.5 26".5 ) nr: '• .' 

s.oo ?0.32 21/.l nu.2 26i;.P. J.Yi 

5. 4 0 l 9 • () 5 2 " ~ • '• c 6! • 'j 2 5 7 • 4 J • l ,. 

•or.OIL HL !:' X I T R:~~L BC•E~ STA~T~ PR~OL DP/OLL DP/JLTP TP/LIQ 

2812. 312 •• 0237 3.152 16~6. 241~0 •• 8536 .OJ617 10.3J .J27Y 0.615 22.03 

~~06. 3J7 •• 041~ 1.964 1&72. 23614 •• b483 .JD6~7 10.3~ .J?71 0. 7 f>D 28.:H 

2917, 301 •• OAO• 1.2}5 171u. 2~~61 •• d~07 .00673 10.40 .J2~2 1. 1 ~ 'i 42.24 

IOG7, 205 • . 01~; 0.~7b 17~~. 2?2~1 • • H317 .006Q4 10.47 .J2~3 1.3c5 52.46 

l. 5 25 

12~5. 7H2 •• 1211 C.626 18~2. lJ747 •• BJ~~ .00717 10.65 .0234 l. 7lJ 73. J9 

' 3 0 i> • 27 ':>. • I 4 1 !• C'. :> t 7 l 'l ~· l. 1 ·~ '1 .' 2. • 7 'J 6 3 • 0 0 7 ~ 3 l 0. 7 'J • J 2 2 4 1.855 

\3H. ~(,9 •. lGOi· 0.451 l~, I. 1'!2 >4 •• 7852 .JU774 10.35 .J21'1 1.970 9J.86 

\4 70. 1R595 •• 7735 .JJ79? 10.~5 .;)2J~ 2.11;) 10;).93 

2.320 115.17 

2.!>JO 13<..27 

1321. ?43 •• ?H·1 0.2C.tl lil''>· 1n2i4 •• '/251 .:J·}76'> ll.37 .)18? 2.1!>5 16D.~3 

~)92. 2\6, .2~~i Q,2\) [ 0.1·')o 15J'/6, .'(:)4'( oJu734 11.56 .Jl77 3.390 191.73 

I 
...0 
0 



• 

TABLE V FORCED CONVECTION BOILING 

RUN NO. 23.0 N-BUTANOL TEST SECTION NO. 4 INSIDE DIAMETER,Dl=O.J38917 FT. 

FLOW RArE,w~ 5B5. L~S/HR MASS VELOCITY,G= 136.6 LBS/SEC.SQFT POWER= 9.05 KILOWATTS HEAT FLUX,Q= 4~395. BTU/~R.SQFT 

TEMPERATURE BEFORE FLASH= 2B5.9 F VELOCITY BEFORE FLASH= 1.0 FT/SEC 

LiFT PSIA TO T I TB DELT 

o. 30.44 304.~ 302.2 283.5 18.72 

0.50 29.78 304.8 302.1 282.2 19.90 

1.00 29.16 303.3 300.6 281.0 19.61 

1.50 28.50 301.0 298.3 279.7 18.60 

2.00 27.79 298.5 295.0 278.2 17.61 

2.50 27.01 295.9 293.7 27t.6 16.~8 

3.00 26.16 293.2 290.5 274.8 15.71 

3.40 25.37 290.9 2d8.2 273.0 15.17 

3.80 24.46 238.2 285.5 271.0 14.52 

4.20 23.48 265.2 282.5 268.7 13.79 

4.60 22.41 2~2.2 219.~ 266.1 13.36 

s.oo 21.19 278.8 276.0 263.1 12.96 

5a40 19.86 274.7 271.9 259.6 12.33 

HBOIL HLIO X XTT NUB RENOL BO•E4 STANT~ PRNOL DP/DLL DPfOLTP TP/LIO 

2371. 317 •• 0102 7.015 1374. 25066 •• 1093 .00535 10.15 .J285 

2231. 310 •• 0364 2.147 1289. 24164 •• 0967 .00503 10.22 .0272 

2264. 302 •• 0622 1.281 1306. 23304 •• 0849 .00511 10.28 .0250 

2386. 295 •• 08b3 0.901 1373. 22437 •• 0721 .00539 10.35 .02~8 

2521. 287 •• 1147 0.685 1447. 21544 •• 0573 .00570 10.43 .0236 

2678. 279 •• 1414 0.544 1534. 20641 •• 0~12 .00607 10.52 .0224 

2826. 270 •• 1687 0.444 1614. 19712 •• 0238 .00641 10.62 .0212 

2926. 263 .• 1912 0.381 1667. 18929 •• 0377 .00665 10.71 .0203 

3057. 256 •• 2146 0.329 1736. 18101 •• 9890 .00696 10.82 .)193 

3220. 248 •• 2385 0.285 1821. 17255 •• 9685 .00735 10.94 .0183 

3322. 240 •• 2630 0.248 1871. 16377 •• 9~46 .00760 11.08 .0174 

3426. 232 •• 2885 0.216 1921. 15452 •• 9170 .00787 11.2~ .J164 

3600. 223 •• 3150 0.187 2008. 14493 •• 8B70 .00830 11.43 .J154 

1.170 

1.210 

1.255 

1.3~5 

1.450 

41.05 

44.~4 

48.b5 

61.90 

1.615 72.12 

1.810 85.34 

2.000 98.75 

2.1~0 113.56 

2.425 132.36 

2.690 154.98 

2.985 182.26 

3.3J5 21~.b9 



TABLE V (CC'lTD I FGKCED CG~VECT!O~ 80!LI~G 

Rtr,·~ ,.a. 24.0 fEST SCCTIU~ NO. 4 INSIDE Dl,METER,Ol=0.03A~1 7 FT. 

FLOW P.ATE,I<=l835. l.uS'HR MASS VELfiC!fY,G= 42fl.5 LBS/SEC.S()Ff f'(l\·,[q= 9.77 '<!LJWATTS HE'T FLUX,Q= 478'11. BfJ/-iR.SQFr 

TE~PERATURE BEFORE FLASH= 297.8 F V~LnC!TY 6EFU~E FLASH= 3.1 FT/SEC 

L,FT PSIA TfJ ri ffl Ol::LT HtlCIL HL!O X Xlf ~E'lOL ED•E4 STA~T'l PRNOL DP/OLL DP/OLTP TP/LlQ 

o. 47.47 328.3 325.~ 1IC.6 14.79 3238. 845 • • o. l'IL2. 97402 •• ~145 .00211 8.11 .zags 0.050 0.24 

0.50 47.40 i32.3 JiY.4 3lC.5 18.94 o. 1 'd 2. 9 7 33 l. • 5 141 • :l 018 0 8.72 .2088 0.160 :l. 77 

1.00 47.28 333.0 3'0.1 ~1G.3 19.73 2477. 84';. 1h70. 97211 •• 5134 .00173 8. 73 .2088 0.39;) 1.82 

1.50 47.01 332.4 329.5 31C.~ 19.53 24'>2. t>4 1 •• (\. 1~84. ~6942 •• 5119 .00175 8~ 75 .2099 0.660 3.16 

2.00 46.60 331.5 32r.6 3u~.4 19.1S ??00. fi4J. o. 1'•12. Y6~37 •• ~J97 .00178 H. 78 .2090 1.02::J 4.88 

2.50 46.00 330.0 327.1 l<l8.c 18.45 n. 1'•68. 9'>949 •• 5:lo3 .:Jo18'> 8.82 .zun 1.31J 6.26 

3.00 45.19 327.7 324.8 107.5 17.16 215-1. 831 •• 0039 2J.Sid 1 .. (,). J4769 •• ~J1'J .00197 8. 88 .2079 

3.40 44.35 325.6 322.7 3J6.3 16.36 29?7. H?'·• .01'>3 'i.920 l lt.O. 92d43 •• 497? .0_0209 3. 94 • 2040 2.32:l 11.37 

3.80 43.32 322.8 J19.Y 304.8 15.07 3117. 11tl •• U27fl ~.Jd1 1-ll'~. 9:)669 •• 4~16 .')0227 9.U2 .19'}8 13.96 

4.20 42.02 319.5 316.6 3J2.Y 13.71 34-l'•· BO'l •• C42C ?.2&? 2'Jbtj. 38071 •• 4tl43 .J0249 9.12 .1951 3.330 17.07 

4.60 40.51 315.6 312.7 3UC.6 12.07 3'167. 791 •• C575 1.646 2~63. B51H2 •• 4759 .002R3 9.24 .19:>0 4.0::10 21.J5 

5.00 38.82 311.3 30~.4 2Y8.0 10.39 4608. 77~ •• 0743 1.2~6 2734. 82')07 •• 4~57 .G0329 9.37 .18'<6 4. 710 25.52 

5.40 36.75 306.7 303.8 2)4.7 9.11 52?S. 75' •• fJ937 tl.'l72 3!G2. 78300 •• 4531 .00376 9.55 .1795 5.53:l 

I 
-£) 

N 
I 



TMJLE V iC•FJfOl 

Rll~: NU. 25.(• rJ-lJIJT MHIL !~SIDE C!AMETE~ 1 Dl=U.038917 FT. 

FLOW R;.TE ri =:845. LL=/Hf{ r-1.'\SS '/ELUC 1 TY ,I;= 430.9 LllS/SEC. SOFT P:l\·:CR= 7.64 K ILJWA fTS HEt. r FLUX ,0= 374~1. 3 T J/-t::t.SQFT 

TE~PE::ATlH<E P.cFLiKF FLASti= 304.1 F VELOCITY llEFURE FLASH= 3.1 Fr/SEC 

lrFT PSIA TG T l Tt: DELT 1-li:l.Jll HLl\) X ,or Kc'llJL t;U•E4 STt.'iT~ PRfJlJL OP/DLL DP/DL TP TP/LIQ 

o. 49.04 3~8.1 325.8 312.7 13.15 o. 17H. 9'1493 •• 1P-4-J .00202 8.6J .2134 0.410 1.'15 

0.50 4R.8C 331.1 32~.8 31?.4 16.45 2?.17. 8')? • • o. l1U3. 9926~. ,1339 .~0162 8.62 .21J4 0.520 2.47 

1.00 48.49 331.6 3~9.3 3t2.U 17.35 215·~. i:l~l. .J. 1111. 98172 •• 1827 .00153 8.64 .2105 3.28 

1.50 ~R.~4 3JC.4 328.1 311.~ 16.61 22:-Jh. 851. 1163. 98613 •• 1e11 .00160 8.67 .2Do 4.37 

2.00 47.64 3~8.1 325.8 oiC.R 14.96 0. · 1S17. 98104 •• 1790 .00178 8. 70 .21J7 1.210 5.74 

2.50 4~.Y4 325.2 322.9 309.9 '3.02 2R77. E4~ •• 004A 17.J60 1141, 96929 •• 1759 .00204 8.75 .2:J'H 7.56 

3.00 4~.97 322.? 31~.9 30R.6 l1.J5 330o. ,;34, .0166 s.sn LJ93. 94340 •• 1717 .J0234 8.82 .2050 2.010 9.!.10 

3.40 4~.10 319.1:1 317.5 3U7.4 10.16 3687. R25 •• 0267 3.566 2222. -J3019 •• 1680 .00262 8.88 .2016 2.410 

3.8o 44.u8 Ji7.3 31~.c 305.9 9.13 410~. Hlb •• 0177 2.56H 2467. 90964 •• 1636 ,00291 8.% .1979 2.8~0 14.45 

4.20 42.18 314.7 31/.4 304.U 8.36 4481. 805 •• 0503 1.~26 26E3. 8R~43 •• 1~81 .00318 9.06 .1937 3.3!.1:> 17.45 

4.60 41.·5 311.~ JU'·l,7 302.1 7.61 4924, 79/, .0634 1.519 2Y39, 86018 •• 1522 .00349 9.16 .18'J5 1.970 20.'15 

539?. n<, • • 078~; 1.201 3~06. 830Z6 •• 1447 .003o3 9.30 .1846 4.720 25.57 

5.40 37,69 JG4.8 302.5 29t.2 6.28 5964. 760 •• D963 o.95i:l ~·,2s. 79420 •• 1349 .00424 9.47 .1790 5.900 32.96 

I 
-.a 
w 
I 



TMlLE V !CUNTO) FORCED CONVECTION BOlLI~~ 

'<U"l :n. 26.o N-flUTA"JOL TEST SECTION NO. 4 IN91DE DIAMETER,DI=0.03B917 FT. 

FLOW RATE,~=1A85. L~S/HR MaSS VELOCITY,G= 4~0.2 LBS/SEC.SWFT PUWER= 5.71 KILOWATTS HEAT FLUX,Q= 28001. BTU/HR.SQ~, 

TE~PER~TURE BEFGRE FL~SH= 308.3 F V[LOCITY BErDRE FLASH= 3.2 FT/SEC 

LoFT PSIA TO T I TB DELT 

o. 49.69 324.8 323.1 313.~ 9.~5 

0.50 49.31 3?6.5 324.8 313.0 11.80 

1.00 48.87 525.5 3~3.3 312.5 11.32 

1.50 48.36 323.9 322.2 311.8 10.3~ 

2.00 47.77 322.1 320.4 311.0 9.3R 

2.50 47.04 320.1 3lo.4 31C.O 8.34 

3.00 46.12 317.8 316.1 308.3 7.~9 

3.40 45.72 315.A 31~.1 302.2 5.88 

3.80 44.19 313.7 312.( 30~.1 5.~8 

4.20 42.97 311.6 30~.8 ~04.1 5.53 

4.60 41.56 309.3 307.6 302.2 5.37 

5.00 19.86 lC6.8 305.1 29~.7 5.43 

5.40 37.80 303.6 301.~ 296.4 5.49 

X XTT NUB RENOL BD•E4 STANTN PRNOL DP/DLL DP/DLTP TP/LIQ 

2931. 869. o. 1784. 102287 •• 8688 .00204 

2372. 86f. o. 144?. 101914 •• 8677 .00165 

2473. 867. o. 15u3. 101485 •• 8664 .00172 

26'16. 861>. o. 11.36. 100981 •• 8549 .00187 

2'186. 86r •• costJ 14.62'1 uno. '!9772 •• 8630 .oo2o8 

3356. P52 •• 01'•7 6.346 2031. 98152 •• 8~06 .00233 

3fl4l. fi43 •• 02'•5 3.'123 2320. 96264 •• 8577 .00267 

47AI. f38 •• 0304 3.203 2R74. 95299 •• 8565 .00331 

4 6 tlC·. ,, 2 t • • c 4 3 2 2. 2 6 5 2 81 3. 9 2 ~ 1 6. • 8 51 7 • 0 0 3 2 5 

5060. 817 •• 0540 1.805 3031. 90291 •• 8,79 .00351 

521?. eo~ •• 0662 1.458 3114. 87724 •• 8434 .00362 

S154. 79C •• GBC2 1.184 1C66. 84765 •• 8378 .00358 

5103. 773 •• 0966 0.9~7 3~20. 81222 •• 8307 .00355 

8.56 .2182 

8.59 .2B3 

8.61 .2184 

8.65 .2186 

8.69 .2165 

11.74 .2133 

8.81 .2099 

8.84 .2078 

8.95 .2034 

9.04 .1997 

9. 15 • 1 95 6 

9.29 .1910 

9.4& .1857 

:>.680 

0.810 

0.970 

1.17:> 

1.4:>0 

1.690 

2. 040 

2.H:l 

2.790 

4.460 

5.330 

3.12 

3.71 

4.44 

5.35 

6.47 

7.92 

9.72 

11.50 

13.72 

16.32 

19.37 

23.35 

28.70 

I 

"' ,.j::>. 
I 



TABLE v ICON TO) FORCED CO~!VEC T I ON BOILING 

RUN NO. 51.0 \I-BUTANOL TEST SECTION NO. 5 I "'S! DE DIAMETER,Dl=0.038917 FT. 

FLOW t<ATE,H=113(h LBS/HR ~~A ~s VELOCITY,G= 263.9 UlS/SEC. SQFT POWER= 9.55 KILOWATTS HEAT FLUX,Q= 65024. BT J/·U.SQFT 

TEto!PERATLJRE BEFURE FLASH= 287.5 F 1/ELOCITY BEFORE FlASH= 1.9 FT/SEC 

L,FT P:OIA TO Tl TB DELT HBOIL HLIQ X XTT NUB REI>JOL BO•E4 STANT Ill PRNOL DP/Dll DP/DLTP TP/llQ 

0.25 35,39 318.2 ) 14.? 292.4 21.84 2978. 553. o. 17 '+9. 52310. .1859 .00346 9.67 .0910 O. 8<tO 9.23 

0.50 35.11 316.6 312.6 291.9 20.70 3141. 552. . o. 1 tl43. 52128. .1821 .00365 9.69 .0910 1.180 12.97 

1.00 34.42 316.0 312.1 2%.7 21.36 3044. 542. • 0191 4.209 1783, 50665 • .1722 .00354 9.76 .0881 1.580 17.93 I 
-.!) 

1.11 
1.50 33.54 313.5 309.5 28'l.2 20.35 3195. 530 • • 0417 2.015 1868. 48929. .1597 .00372 9.85 .:l8<t7 1.820 2l.<t8 I 

2o00 32.44 310.6 306.6 287.2 19.42 3349. 517. • 0658 1.284 1952. 46999 • .1441 .00390 9.95 .0812 2.1!>0 Zb.bO 

2.40 31.44 30 7. 5 303. f 285.4 18.21 3570. 506. • 0859 0.974 2075 • 45349. .1301 .00416 10.05 • 07S3 2.440 31.16 

2.80 30.35 303.6 ;>99~6 283.3 16.31 3987. 495. • 1066 o. 771 2309. 43644 • .1147 .00465 10.1& .:>754 2.800 37.13 

3.10 29.44 299.9 2~5.9 281.5 14.38 4522. 486. • 1228 0.658 2611. 42281 • .1015 .00528 10.25 • ) 732 3.1 !)0 43.18 

3.40 28.85 295.7 d91.7 28C.4 11.32 5743. 478. .1365 c .'58 3 3308. 41262. • OBD .00671 10.31 .0713 3.620 50.79 

3.70 27.25 2~().9 ~b6o'l 277.1 9.86 6596. 465. • 1578 0.486 3781 • 3925 5. .0681 • 00773 10.49 .0685 4. 3!>0 63.67 

4.00 25.68 285,6 2&1.6 273.7 7.F!7 3262. 452. • 1790 0.412 4712. 37308 • .0'+37 .00972 10.67 • 0658 5.380 81.81 



TABLE v tCONT8) FG:-l.CED CO,lVECT ID'l BOILING 

I< UN 1\0. 52.0 'l-BUT ANOL fEST SECTION NO. 5 I'lSIDE DI~METE~,DI=0.036917 FT. 

FLOW il ATE , ~· = 1 4 0 0 • LBS/HR MASS Vi:LOC I TY,G= 326.'1 LBS/ SEC. SQFT POwER= 9.69 KILJWATTS HEAT FLUX,Q= 65978. HIJ/,-!R.SQFT 

TEPPUfiTURE EJEFORE FLASH= ?.'12.7 F VELOCITY BEFORE FLASH= 2.4 FT/SEC 

LoFT I' Sill TO T I TB D~LT HCOIL HL!Q X XTT NUll RENOL BO•E4 STANTN PRNOL DP/ DL L DP/DLTP TP/LIQ 

0.25 4v. 15 32 3. 9 3l<J.<J 30C.1 19.83 3327. 667. o. 19!!0. 68680. .6612 • 0031 I 9.26 • t 313 0.550 4.19 

0.50 39.95 321.0 31J.C 29q.? l ·~. 19 34313. 666. o. 20'•5. 68518. .6591 .00322 9.28 .1314 9.000 68.51 

1.00 39.30 323.2 319.2 2'J8. 8 20.47 3223. f·64. .0014 49. 711 l <J l't. 678'10. .6518 .00302 9.33 .1312 1. 580 12.04 I 
...0 

1.50 38.42 321.2 317.2 297.4 19.81 3131. 652. .0209 4.123 1974. 65866. .6422 .00312 9. 41 .1269 2.080 16.39 
0' 
I 

2.00 3 7. 2 8 J13.7 31'•· 7 29fj. 5 19. 13 3449. f-38. • 042C 2. 11C 2038. 63565. .6297 .00323 9.50 • 122 4 2.500 20.43 

2.40 36.16 H6.2 312.?. 293.7 18. 4'1 3568. 62b • • 0604 1. 4 76 2lUl. 61476. .t>175 .00334 9.60 • 118 5 2.880 24.30 

2.8o 34.85 J13.2 301.2 291.5 17.74 3 718. 613. • 0800 1. 10 3 2181 • S9212 • • 6030 .00349 9. 72 .lllt5 3.350 29.26 

3.10 B. 75 '!I). 5 3('6. 5 28'1.~ 16.92 3900. 602. .0955 0.910 2281. 57371. .5901 .00366 9.83 • llllt 3.8)0 34.13 

3.40 ]2.46 306.7 302.7 287.2 15. 'tl 4280. 589. .1123 0.7?7 2't94. S5343. .5752 .00402 9.95 .1090 '>.420 40.92 

3.70 31.02 301.2 2<>7.2 2il4.6 12.62 5227. 57U. • 1302 o. 6)(, 3 1)J4 • 53150. .5586 .00492 10.09 .1 Olt5 5.21t0 50.13 

4.00 29.25 L9";.3 2'Jl.2 2<i 1. 2 10.08 6543. 561. • 15C5 0.530 3775. 50585 • • 5378 .:)0617 10.27 .1007 7.320 72.70 



TABLE v !CONTlJl F'CRCED CliiWECT ION BOILING 

RUN /1;0, 53.0 N-BUTANOL TEST SECT ION NO. ; !.''<SIDE DIAMETER,OI=0.038917 FT. 
I 

FLOW RATE,w:1745, LBS/HR MASS VELOC ITY,G= 407.5 LBS/SEC.SQFT rrJ,;ER = 9.70 KILJI<ATTS HEAT FLUX,Q= 6~090. 3TJ/-iR.SQFT 

TEMPERATURE BEFORE FLASH= 292.4 F VELOCITY I}EFORE FLASH= 2.'1 Fl"/SEC 

ltFT PSI A TG T I TB DELT HBOIL HllQ X xrr '!U[J RE\IOL BJ•E4 S TA."'T'II PR'IIOL D PI DL L OP/Lll.TP TP/LIQ 

c. as 43.40 .J;>S,3 322;.3 304.'l 17. 41. 3796. 803. . o • 2?77. 88 760. .1649 .00235 9.01 .19i2 0.360 1.67 

o • .so 4 3. 34 328.1 324.1 304,8 19.25 31t 33. 803. . o. 205'1. 88104. .1544 .00257 '1.02 • 1 92 2 0.520 2. 71 
I 

laO.O 42.94 328.4 324.4 304.3 20. 17 3276. 802. (;. 1 '16 3. 8~330 •. .1612 .00246 9.05 .192 3 0.'13J 4.84 ....0 
-J 

1:.50 42.28 326.6 322.6 303.3 19.34 3417. 80 l. o. 2c,43. tl768l. .1553 .00256 9. 10 .1'125 1.460 7.58 
I 

2o00 41.32 324.5 320.5 301.9 16.62 3548. 7'lu. .0031 24 .• 302 2 !17. 86465. .1479 .J0266 9. 17 .1'117 2.110 ll.:H 

2>40 40.30 322.3 318.3 30C,3 17.95 368?. "184. .0185 4.735 21 '12. f:'tl64. .13'16 .00276 9. 2:; .1858 2.690 14.'+0 

2~80 39.00 3.19.3 315.3 298.3 17.03 3880. 769. • 0358 2.521 23()3 • B1407. .1282 .00291 9.36 • 1815 3,350 18.46 

31.10 37.90 316.6 312.6 296.6 16.01 4126. 757. .04';5 1.ll29 2 1t42. 79202. • 1185 .00310 9.45 • 177 3 3.980 22.45 

3.40 36.65 313.3 30'1.3 294.5 14.81 4461. 745. .0644 1.3'1R 2031. 76 .,6 7. .1:)75 .oo335 9.56 .1 7Z8 '--800 27.77 

3 .. 70 35.25 308.0 3()4. 0 292.2 n. 79 5607. 732 • • 0802 1.106 3292. 74172. .u~sl .00422 9,68 • 1681 5. =no 35.:>~ 

4.00 33.35 301.6 297 ~ 5 288.8 8. 70 75'17. 714. • 09.96 0.867 4438. 70818. .0775 .00572 9.86 • 1626 7.330 45.09 
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