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A CORRELATION OF PULSE COLUMN 
LIQUID-LIQUID HEAT TRANSFER 

William B„ Barlage, Jr. and F. Philips Pike 

PROJECT SUMMARY 

This report is a continuation of the heat-transfer studies pre­

sented by S, C. Li and F. P. Pike in Progress Report No. 18, and those 

of R, P, Gardner and F. P. Pike, as presented in Progress Report No, 

21, It was organized as a thesis program for Mr. William B„ Barlage 

in partial fulfillment of the requirements for the Ph. D„ Degree, in 

the area of Chemical Engineering. 

It has been possible to obtain a good correlation of rate of heat 

transfer as a function of the same variables as influence mass transfer, 

plus the factors of magnitude and direction of the temperature differ­

ence. It is a slgnificient point of theory that heat and mass transfer 

in the pulse column are influenced differently by the total throughput. 

The net result of this work is to demonstrate that for liquid-liquid 

systems, with their mobile interfaces, the traditional analogies be­

tween heat transfer and mass transfer break down. 
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1;.0 SUMMARY 

An extended study has been made of the rate of heat transfer between 

benzene and water in direct contact in a pulse column, and of the oper­

ating variables which controlled the behavior. In this mode of heat 

transfer the benzene was dispersed as a family of droplets into the water, 

which formed the continuous phase. 

The pulse column unit was one employed previously by Li and Gardner 

on similar and earlier work. The column itself was 1.92-inches in in­

side diameter, and contained 8 stainless steel perforated plates spaced 

2.00 inches apart. These plates were perforated with l/8-inch holes in 

a triangular 60° pattern, providing 21;.6 percent free area. 

The equipment was carefully insulated and modified in many details 

in order to permit precise heat transfer measurements. The necessary 

details are presented in full in Section 9.0. Compared to the prior 

work, several aspects were revised or reinterpreted, while one new factor 

was discovered - the existence of a heat loss due to evaporation of ben­

zene during transit of the contactor. An evaluation of these aspects 

and phenomena is presented in detail in Section 11.0. The final manner 

of operation and treatment of the data gave heat balances that consistent­

ly agreed within 10 percent. 

The operating conditions were varied so as to provide the following 

ranges of variables and heat transfer responses: 

t : f '^ 



Operating Variables 

Variable 

Rate of Pulsing 

Velocity ratio 

Temperature Difference 

Symbol 

IID 

VDAC 

A T i M 

Grashof component A'^lm/Vp 

Total flow rate (V^ + VQ) 

Units 

ft/hr. 

none 

oc 

(oc)(lb-mass)2 

(ft-lb force)2(sec)2 

ft/hr. 

Range 

50 to 1200 

0.35 to U.O 

1.1; to 13.7 

3.0 to Uo.o 

26 to 90 

Responses 

Response 

Continuous phase 
heat transfer unit 

Discontinuous phase 
heat transfer unit 

Overall volumetric heat 
transfer coefficient 

Symbol 

EQUr 'OC 

Units 

ft. 

Range 

0,207 to 2.89 

H©U, OD 

Ua 

ft. 0.226 to 0,632 

Btu/(hr)(OF)(ft^). 712 to 6353 

The study was so carried out as to explore some points important 

to theory, A study of temperature differences at the ends of the column, 

augmented by several temperature probes within the column, led to the 

definite conclusion that rather large end-effects existed. The temper­

ature probings also settled a major point by proving that the In-mean 

temperature difference was valid over the contacting region of the per­

forated plates themselves. 

A limited series of runs showed conclusively that the reversal of 

the direction of heat transfer made a rather large difference in the 

results, indicating that internal circulation and natural convection within 

the drops were prominently involved in the heat transfer mechanisms. 

.̂  '^LH 
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The extended range of the study disclosed new variables beyond those 

found by Li and Gardner, One new variable was the sum of the two flow 

rates, or the total flow rate. The other was the kinematic viscosity 

of the discontinuous phase, indicative of the temperature level. 

The final correlations, uncorrected for any end-effects, are as 

follows for heat transfer from water to dispersed benzene, 

-1,58 -0,262_ 0.117(vyVc)°-'^^^/ATn J °-^^^ 
HQUoc = ioO(Vo/Vc) (VQ + VC) ( l b ) ^ p ± i | 

= ft. \ / 

-0,58 -0,262_0.117(V^/V^)°»''^2/.T \ 0.133 
HOUoD = 0,38(Vj3/Vc) (Vo-V^) (/l̂ ) ^ C t ± ^ 

= ft. \^ / 

and 
1.376_ -0.039-Log(V-p/Vc)°"^2^ / A M ~ ° ° ^ ^ ^ 

Ua = 8.9 Vjj 

Btu 

(hr)(°F)(ft3) 

For the reversed case, heat transfer from the dispersed benzene to 

water, approximate correlations are as follows. 

H9U, 
-1,58 -0,262_0.117(V^/Vp)°°'^^^/AT, \1'30 

OC = 0.098 (Vĵ /V̂ ) (V^-V^) (11^) l ^ \ 

-0.58 -0,262_ 0.117(VT./Vp)0»7t52, T \ ̂ '^^ 
HQUoB = 0.035(Vj3/V^) (V^.V^) il\^) ^ \ 

and 
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transfer, is also an argument for the importance of natural convection 

and internal circulationo 

The correlations as presented above are dimensional with the ex­

ception of the V-Q/VQ ratio. However, it is thought that the present 

terms are actually components of dimensionless groups, similar to the 

following: 

/ HOU , 
(—r\—) = form of Nusselts number 

J\Jpp ft , 
C—-3jr- ) = form of Reynolds number 

, L^ gSATim , 
V—rrTn; ) = form of Grashof number (Tf 

and 

^D •" ^C 
( _ — ) = form of relative flooding capacity. 

^F 



5.0 PURPOSE OF INVESTIGATION 

It was the purpose of this thesis to refine and to extend the pre­

vious heat-transfer studies of Li and Gardner, to the point where the 

results could be generalized into a mathematical correlation valid 

over a reasonably wide range of variables. 

The type of heat transfer involved was that of direct contact of 

one liquid with another immiscible with it in a vertical, cotintercurrent 

contactor agitated by pulsing of the continuous phase. In this case, 

the two fluids were benzene and water. To meet the purpose stated 

above, it would be necessary to give some thought and study to the con­

cepts of the mechanisms involved. 

.' '"9 '} 



6.0 MOTIVATION 

The primary motivation for this study has been the intriguing 

nature of the novel physical circumstances influencing the mechanics 

involved in heat transfer. Practically all other heat transfer studies 

have involved solid boundaries where the fluid resistances are in part 

fixed by the rigid nature of the solid surface. In contrast, with 

direct contact between two fluid phases, additional influences are 

brought to bear, such as those related to mobility of the interface, 

and the formation of waves and oscillation. Additional properties such 

as interfacial tension and perhaps interfacial viscosity, old behavior 

patterns in new guise, such as mass circulation with the drops and the 

influence theron of frictional drag, are also important factors. Thus 

all of these factors provide the fascination of exploration into a new 

area of heat transfer. 

Another consideration has been the possibility that for the case 

at hand, the heat transfer behavior might eventually turn out to be 

simply related to the mass transfer behavior, with the one being pre­

dictable from the other. There are many circumstances in which temper­

ature measurements, compared to analytical measurements of the 

concentration of matter, are much more rapid and convenient besides 

being more accurate and more easily arranged for. In such cases, heat 

transfer measurements could provide answers for mass transfer problems. 

This type of inquiry has in fact already been carried out, in mixer-

settler design studies by Mottel (32), who used a measure of the rate 
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of heat transfer to guide him in the selection of optimum stirrer pro­

portions and speeds, for the purposes of intended mass transfer. 

Finally, heat transfer by direct liquid-liquid contact avoids the 

ineffective presence of a temperature gradient across the separating 

walls normally present, and also avoids certain corrosion problems. Its 

attractiveness for these reasons had led to some studies in recent years 

of this mode of heat transfer, and gives this study a practical meaning 

with reference to the problem of removal of heat from certain reactor 

designs. 



7oO Definition of Important Variables 

7.1 Variables Defining Flow Terms 

7,11 Superficial Velocities. One important variable considered 

in almost all types of liqxiid-liquid contactors, in both heat and mass 

transfer studies, is that of superficial velocity. It is simply defined 

as the volume of fluid flowing per tinit time, per unit superficial cross-

sectional area in the contactor. The symbol V is generally used to 

represent superficial velocity, with subscripts being used to designate 

the particular liquid phase to which V refers. 

In this investigation, superficial velocities have been defined 

as follows: 

Vj3 = _ X X 60 (1) 

where 

Vj. = superficial velocity of discontinuous phase, 
ft5/(hr)(ft2) = ft/hr. 

v-pj = volumetric flow rate of discontinuous phase, ft /min. 

2 

A = superficial cross-sectional area of contactor, ft . 

Also 

Vg = - ^ 1 60 (2) 

where 
Vp = superficial velocity of continuous phase, ft-̂ /(hr)(ft ) 

= ft/hr. 
2 

A = superficial cross-sectional area of contactor, ft . 

It is well to note here that the superficial cross-sectional area 

of a contactor is defined as the cross-section of the empty contactor 

1 r '^ ^% 
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in the region where the major portion of contacting occurs. In general, 

the ends of liquid-liquid contactors, where entrance and discharge of 

the phases take place, are larger in cross-sectional area than in the 

major contacting region, and should not be considered in the determina­

tion of superficial area. For packed and pulsed columns, the superficial 

cross-sectional area would be defined as the cross-sectional area of 

empty colxmrn in the region where the packing and perforated plates were 

located. In addition, the cross-sectional area of any mechanical 

supports within the column, such as plate spacers in a pulse column, 

are not included here in the calculation of superficial cross-sectional 

areas. 

As a matter of comparison, it is interesting to note, that super­

ficial velocities are lowei" in value than "true" or actual velocities 

within the column. This is due to the fact that the actual cross-

sectional area in the major contacting region of a contactor which is 

available for flxiid passage is less than the superficial area. Thus for 

a given volumetric flow rate within a column, superficial velocities 

will be lower than "true" or actual velocities, both velocities being 

taken relative to the contactor wall. 

7ol2 Pulse Frequency-Amplitude Term. 

7,121 Use of Frequency-Amplitude Product. It is obvious that in 

any pulse column studies, the effect of pulse amplitude and frequency 

upon the operating characteristics of the column must be considered. 

Although some investigators have considered both pulse fre4uency and 

amplitude as independent variables in studying the flooding and mass 
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transfer performance of pulse columns, mo&t studies show the frequency-'. 

amplitude product as a more iiif>ortant variable, 

Cohen and Beyer (6), in studying the extraction of boric aoid from 

isoanyl alcohol with water in a perforated plate puls.e column, found 

their data could be better correlated by considering the frequency-

amplitude product as a variable rather than consideî ing frequency and 

amplitude as independent variables, Wiegandt and Ion Berg (56), iR 

summarizing the results of other investigators, mention the frequency-

amplitude product as an important variable. Sege and Woodfield 0x3}) 

use the frequency-an^jlitude product in correlating their results on the 

extraction of uranyl nitrate from tributyl phosphate with water. Re­

cently, Li and Newton (26) have used the frequency-aj^litude product 

in calculating phase velocities through the plate holes in a pulse 

column, for the system benzoic acid, toluene, and water. 

7,122 Use of the jjjj term. In studying the flooding characteris­

tics of the pulse column used in this investigation. Pike, et al (35), 

found that the major controlling variables were an average rate of 

pulsing, represented by the symbol /1 , and the ratio of superficial 

velocities, ^J/^Q" TWO different values of /| have been considered, and 

are defined as follows: 

J^D = Average flow rate of total material past the plates in the 
direction of the discontinuous phage flow, averaged over the 
actual time of flow in that direction, ft/hr. 

IIQ = Defined the same as J\-Qt only for a direction the same as 
that of the continuous phase, ft/hr. 

' ;: i 
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In the definitions just presented, the total material pulsed through 

the plates is, in general, an emulsion of unknown compo~sition. The 

difference between 77 and 77 determines the magnitude and direction 

of the net piimping action of the puke pump. 

The physical significance of the 77 variables and its relation to 

pulse frequency5 amplitude, V^ and V_, may be better understood by con­

sidering the case where the pulse is sinusoidal in nature„ A plot of 

the instantaneous column fluid velocity, U, versus time is shown in 

Figure 1 for a perfectly sinusoidal pulse, under the special and simpli­

fying case where V = V „ The velocity term, U, refers to the flow of 

both phases through the plate perforations, yet is calculated on a super­

ficial basiso 

•H 
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Time, 9. raino 

Figure !<, Velocity pattern in a pulse column 
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If the superficial velocity difference is defined as 

Av-Vp-v^ (3) 

where /^Y = superficial velocity difference, ft/hr. 

then for the special and simplifying case above, where V = ̂ ^̂  A ^ ~ ^' 

Under these conditions, the instantaneous column fluid velocity, U, at 

any time, 0, is given by the simple expression, as developed by Pike 

(35), 

U = /I FA sin(2||F9) {h) 

where /1 ~ ̂  "> liil6 

9 = pulse time, min^ 

F = pulse frequency, l/min„ 

A = pulse amplitude, in. 

F9 = dimensionless product 

U = instantaneous fluid velocity, in/mdn. 

When there is a superficial velocity difference within the column, 

ioe„, V^V ] ^ ^ 1, or V / V p < ^ l , a plot of instantaneous column fluid 

velocity vs„ time is somewhat different than shown in Figure 1„ K , for 

example, V„/V_^^l, then there will be a superficial velocity difference 

in the coliimn in the direction of the discontinuous phase flow. This 

superficial velocity difference will be constant, and defined by equation 

(3), A plot of U vSo 9 for the situation where V /V j;> 1, combined with 

a perfectly sinusoidal pulse, is shown in Figure 2„ It will be noted 
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from Figure 2 that this particxilar situation, the flow pattern is shifted 

upwards as compared to the case where Vp = V „ 

From Figure 2 it can be seen that for V„/v/^^l, the instantaneous 

fluid velocity, U, at any time, 9, is given by the expression, 

U •= ||FA sin(2 /| F9) + A ^ (5) 

Sinllarly, it can be shown that when 1-^jl^<C^\, the instantaneous fluid 
D' G 

velocity at any time will be given by equation (5) also. However, in 

this case, /\Y will be negative in sign, and the flow pattern shifted 

downwards as compared to the case where V„ ~ ̂ p" 
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If S, and S represent the areas under the curves in Fig\xre 2 for 

pulse strokes in the direction of flow of the discontinuous and contin­

uous phases respectively, and 9-, and 9 represent the duration of the 

pulse stroke in these directions respectively, then J^j. and 77 are de­

fined as follows: 

/ID = - 9 ^ (6) 

'IC=~97 7̂) 

In order to calculate n and 77 as a function of FA and/\V, it 
0 ' ' D 

is necessary to know the exact nature or form of the pulse used in the 

column. Generally, because of mechanical imperfections in the pulsing 

mechanism, it is necessary to determine this relationship between 77pj 

77 , FA, and /\Y experimentally. This is true even when the pulsing 

mechanism has been designed to give a ptilse of some given form. 

Such an experimental relationship for the column used in this in­

vestigation has been determined by Pike, et al (35)j aJid is shown in 

Figure 3o 

In the development of Figure 3s is was found that for a given value 

of A ^ i T\T)» ^̂ d. II pWere dependent only upon the product FA, and were 

independent of the individual values of F and A used. 

Although the variables 77^j 77 * and V /V„ were developed and de­

fined from studies of the flooding characteristics of the pulse column 

used in this investigation^ it was felt that these variables would also 

be important in describing other responses of the pulse column, such as 



j\Q} ft/hr. 
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•H 
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Figure 3. Relation between rates of pulsing and frequency-amplitude product 
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rates of heat and mass transfer, and pressure drop. These variables 

have been used by other investigators quite successfully in describing 

responses of the pulse column, as will be shown later. 

7,2 Variables Defining Mass Transfer 

7,21 The Number of Mass Transfer Units. A useful method for com­

puting the height of a liquid-liquid contactor is based on the idea of 

calculating the number of a certain kind of contact Tonit required for 

a given separation, and multiplying the number of such units by the 

height requirement for a single unit. This idea of a contact transfer 

unit was developed by Chilton and Colburn (5), and has the advantage of 

expressing the relative difficulty of an extraction process in terras of 

a dimensionless quantity, which increases in numerical value as the diff­

iculty of separation of the process increases. Based on the two-film 

theory of Whitman {^^), the following definitions of the number of mass 

transfer units are used for columns employing a continuous and discon­

tinuous phase. The equations defined below are for single component 

diffusion, with the solute diffusing from the discontinuous to the con­

tinuous phase. 

^Dl 

(l"V^-^Di) ^̂  

D2 where mj •̂ 

N = number of discontinuous phase mass transfer units 

X = mole fraction of solute in bulk of discontinuous phase 
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X • mole fraction of solute in discontinuous phase at interface 
'^ between phases. 

(1 - X )j, " In-mean difference between (1 - Ij.) and (1 - X ) 

or 

^̂  - D̂̂ M - m d - X^,/l - X^) 
'Di^ 

^Cl 

c f (1 - Xg)(j:(,. - X(,) '•^> 

where »/ C2 

NQ = number of continuous phase mass transfer units 

X = mole fraction of solute in bulk of continuous phase 

X„. = mole fraction of solute in continuous phase at interface 
between phases 

(l - ^Q)^! - In-mean difference between (1 - X^) and (1 - X ) 

or 

n X ^ . ̂ ci ' ^ci 
-̂̂  " ""Ĉ M - ln(l - Xp/1 - X^i) 

•̂ Dl 

(1 - X ) dX 

• (1 -Xj3)(Xj3 -X*) 

X, 
where 

N„j, = number of overall discontinuous phase mass transfer units 

X = mole fraction of solute in bulk of continuous phase which 
would be in equilibrium with X-̂  

(l - X-Q)QJ^ = In-mean difference between (l - X") and (l - X_) 

°̂  .;-

(1 - S)0M = ^ — ^ ln(l - x:/l - X„) 
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^Cl 

(1 - X ) dX 

N - I L^ (11) 
°^ • (1 -Xc)(X^J -X ) 

where •/ ^ C2 

N = number of overall continuous phase mass transfer units 

Xj. = mole fraction of solute in bulk of discontinuous phase that 
would be in equilibrium with X 

(l - X-)Q„ = In-mean difference between (l - X^) and (l - XQ) 

or ĵ. 
X-T) " X -

In (1 - Xg/1 - XjJ) 

The subscripts 1 and 2 refer to the bottom and top of the contactor, 

respectively, in all of the above definitions. If dilute concentrations 
(1 - X) (1 - X) 

of the solute are used, then the terms and — in the 

(1 - X) 1 - X 

above equations may be assumed to be unity for both phases, and the equa­

tions somewhat simplified. 

In general, values of N^^ and N are determined experimentally 

since measurements of N^ and N entail the determination of values of 

Xp. and X , which are extremely difficult, if not impossible, to obtain. 

However, by careful choice of the system used and concentrations of the 

solute, it is possible to experimentally determine values of N and N 

uu uu 
which are approximately equal to N and N^, In addition, by proper 

treatment of experimental values of N and N , it is sometimes poss-
OD OG 

ible to calculate values of N and N from the data correlations, 
D c 

7,22 The Height of Mass Transfer Units, In the preceding sec­

tion, it was indicated that the height of a mass transfer or contact 
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unit was that quantity by which the number of transfer units was multi­

plied in order to get the total contactor height. From this simple 

concept comes the following definitions for the heights of mass transfer 

units in liquid-liquid contactors employing continuous and discontinuous 

phases, 

HTU^ = 1 - (12) 

where 

HTU = height of a discontinuous phase mass transfer unit, ft, 

Z = height of contactor, ft. 

It is well to note here that the definition of Z is arbitrary, and 

will be discussed in more detail in Section 7<.U, 

HTU^ = i- (13) 

where 

HTU = hieght of a continuous phase mass transfer unit, fto 

HTU = -2- (II4) 
OD Noj3 

where 

HTU = height of an overall discontinuous phase mass transfer unit, 
^^ ft, 

where 

HTU„p = height of an overall continuous phase mass transfer unit, 
ft. 
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It is sometimes desirable to know the relationship between heights 

of the individual mass transfer units, HTUjj and HTU„, and heights of the 

overall mass transfer units, HTU and HTU-_. For a single oonponent 

diffusing, these relationships have to be shown to be by Sherwopd and 

Pigford (I45): 

(1 - X ) m V jM„ (1 - Xp)„ 

where 

Mp » molecular mass of continuous phase 

Mp = molecular mass of discontinuous phase 

m » average slope of the equilibrium curve averaged over the con­
tinuous film, 

thus ^ 

„»ii_li /^7^ 
-̂-Gi " C 

Also, 
(1 - X ) V p IL (1 - X )„ 

HTU = HTU 7- r V ^ + HTU^ S f ̂  7= -iiJl- (I8) 
OC 0(1 - Xc)oM ° ^ V D ? D « C il - ̂C^OM 

When dilute solutions are en̂ doyed for both phases, the above equa­

tions may be reduced to the more simple forms, 

HTUoD - HTU^ . HTU^ V, ̂ , |^ (̂ 9) 

and 
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7.3 Variables Defining Heat Transfer 

The infonnation presented in the following section by no means rep­

resents all of the possible variables defining heat transfer in liquid-

liquid contactorse Only variables which are pertinent to this and 

related investigations are presented here, 

7,31 Rates of Heat Transfer Between Phases. One of the most im­

portant entities in heat transfer studies in liquid-liquid contactors 

is the net rate of heat transfer between phases, represented by the 

symbol q. When a continuous and discontinuous phase are employed, and 

there is no heat of solution, heat of agitation, etc, q may be simply 

defined by the equation 

q = Vj^(^^ G ^ A T ^ X 60x 1,8 (21) 

where 

q = net rate of heat transfer between the continuous and discon­
tinuous phases, Btu/hr„ 

v-Q = volumetric flow rate of the discontinuous phase, ft3/min, 

Gj, = heat capacity of the discontinuous phase, Btu/(lb) (°F). 

Pj. = density of the discontinuous phase, lbs/ft'̂ , 

/\T^ = temperature change in the discontinuous phase, G, 

and, s imilar ly 

q = v ^ p ^ C ^ A T Q X 6 O X 1.8 (22) 

where 

v = volumetric flow rate of the continuous phase, ft-̂ /min, 

Cp = heat capacity of the continuous phase, Btu/(lb)(°F), 

M p = density of the continuous phase, lbs/ft-̂ , 

/\T = temperature change in the continuous phase, °C, 
C 

'-'' ' 3ti 
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It would be well to emphasize here that ̂ Tj^ and ̂ Tp are temper­

ature changes in the discontinuous and continuous phase respectively 

which results from a net rate of heat transfer, q, between the two phases. 

Actually, there can be heat eifects present in each phase other than 

just q, which effect the inlet and outlet temperatures of the phases. 

If so, it is necessary to take these other heat effects into consider­

ation before true values of A'^D '̂̂ ^ A T Q niay be calculated, as will 

be shown later, 

7.32 The number of heat transfer units. In a manner very much 

analogous to that employed in mass transfer studies, it is possible to 

define expressions for the number of heat transfer units for heat trans­

fer in a liquid-liquid contactor. Assuming a true counter-current flow 

pattern between the discontinuous and continuous phases, the sensible 

heat effect over a differential height, dZ, of the contactor is ex­

pressed by the following equation: 

dq = Vp fj, C^ SdT^ X 1,8 (23) 

where 

S = superficial cross-sectional area of column, ft , 

dT_ = differential temperature change in the continuous phase re­
sulting from the rate of heat transfer, dq, between phases, C, 

and 

dq = V ^ P J 3 Cj3 SdT^ X 1,8 (2i;) 

where 

dTĵ  = differential temperature change in the discontinuous phase re­
sulting from the rate of heat transfer, dq, between phases, °G. 

For this analysis, it is assumed that all heat effects other than heat 
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transfer between phases are negligible. Therefore, assuming the direc­

tion of heat transfer to be from the continuous to discontinuous phase, 

the rate of heat transfer between the discontinuous and continuous phases 

over a differential height of the contactor is given by the expression 

dq = Ua S(Tp - Tj3)(l,8)dZ (25) 

where 

U = overall heat transfer coefficient for heat transfer between 
phases, Btu/(hr)(°F)(ft^), 

S = as defined for equation (23), 

a = interfacial heat transfer area between phases per unit volume 
of contactor, ft^/ft-^, 

Tp = bulk temerature of continuous phase in column height dZ, C. 

Tp̂  = bulk temperature of discontinuous phase in coluimi height dZ, 
^ oc, 

dZ = differential column height, ft. 

In general, it is very difficult to evaluate quantitatively the 

interfacial heat transfer area per unit volume of contactor, a. Thus 

U and a are usually conbined together into one term, Ua, which may be 

considered as an overall heat transfer coefficient per unit volume of 

column, with the dimension of Sl^ „ 
(hr)(0F)(ft3) 

Equating and rearranging equations (23) and (25), we have that 

dT^ Ua dZ 

Similarly, equating and rearranging equations (2I4.) and (25) 

we have that 

; '10 
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_i!D__ ., Ua dZ f . 
T - T V P G ^̂ '̂^ 
C D D\D ^D 

From equations (25) and (26), the number of overall heat transfer 

units are defined as follows: 
Tr 

NQD = I ^^—^ ^28) 

where 

NQJ3 = number of overall discontinuous phase heat transfer units 

T-Q = inlet temperature of discontinuous phase, °C. 
2 

T^ = outlet temperature of discontinuous phase, G, 

dT 
loG = I ̂ ;r-V (29) 

where 

Np̂ P = number of overall continuous phase heat transfer units 

Tp = inlet temperature of continuous phase, G, 

Tp = outlet water temperature, °C. 
2 

Thus /\ T|̂  and A Tp in equations (21) and (22), respectively, may 

be defined as, 

ÂD = \ - \ (30) 

and 

A Tc = \^ " \ (31) 

Although equations (23) through (29) were used in defining overall 

heat transfer units, individual phase heat transfer units, analogous to 

•. 'A 1 
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individual-phase mass transfer units, may also be defined. Using equa­

tions analogous to (28) and (29), we have that 

I D - I T T - ^ (32) 

where 

N|. = number of discontinuous phase heat transfer units 

T. = interfacial temperature between discontinuous and continuous 
phase, °C. 

and 

(33) 

where _, ^^ 
C2 

Np = number of continuous phase heat transfer units. 

In liquid-liquid contactors emplo/ing a continuous and discontin­

uous phase^ no one has yet been able and it may be impossible, to 

measure directly the values of interfacial temperature T.„ Similar 

difficultiesJ it will be remembered, are encountered in the determina­

tion of interfacial concentrations in mass transfer studies. For this 

reason, only values of the overall heat transfer units NQŷ  and Npp? have 

been measured to date. It may be possible, however, to derive values 

of the individual-phase heat transfer units N and N from the manipu-
JJ u 

lation and correlations of measured values of N̂ .̂  and N„„, and some 
—vD —uo 

assxunptions. 

In the derivation of the above equations, it was assumed that steady 

conditions without backmixing between phases are maintained. If it is 

r42 
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also assumed that Ua, the mass flow rate of each phase, and the physical 

properties of each phase also remain constant throughout the contactor, 

then the temperature of each phase will vary linearly throughout the 

column as a function of q, and may be expressed as a linear function of 

either phase temperature, Tĵ  or Tp. 

If the above assumptions are valid, then equations (28) and (29), 

for NQJJ and 1^ , respectively, may be integrated to yield. 

^ " • ^ 

and 

- _ '̂ Gi - "̂ 02 

where 

and 

^"^2 -"A^i A'^i A^2 
(AT)-LĴ  = ln(AT2/A\) " l^^SVAV ^^^^ 

A T i = Tc - T (37) 
1 ^1 

A T = Tp - Tj5 (38) 
2 ^2 1̂2 

7,33 The Height of Heat Transfer Unit, Once the number of heat 

transfer units have been defined, the height of such a unit may be deter­

mined in a manner exactly analogous to that employed in mass transfer. 

The height of a heat transfer unit is simply that quantity by which the 

number of heat transfer units must be multiplied in order to get the 

total contactor heit.ht„ ig ain^ as in the case of mass transfer, the 
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height of the contactor, Z, is somewhat arbitrary, and will be discussed 

in more detail in Section 7,14-. Thus, the height of heat transfer units 

are defined as follows: 

HQUQ . ^ (39) 

where 

H9Ujj = height of a discontinuous phase heat transfer unit, ft, 

HQUp = -^ (liO) 

' Ic 
where 

HQUQ = height of a continuous phase heat transfer unit, ft. 

MOD 

where 

H9UQ£J = height of an overall discontinuous phase heat transfer 
unit, ft, 

and 

HQUnn - ~ - (U2) 
lioc 

where 

H9UQQ = height of an overall continuous phase heat transfer unit, 
ft. 

If the assumptions made in the derivation of equations (3U) and 

(35) are again assumed valid, then equations (26) and (27) may be inte­

grated to yield 
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N - I ^ - I ^^ ^^ . Ua Z /L,^ 

Z 

and Z-0 

ÔD 
N - I ^ « I Ua dZ . — U a Z ,, , >, 

^ _ Z-0 

Thus H9U-QQ and HSUQQ may be defined by combining equations (I4I) and 

(iiU), and (li2) and (l43)> respectively, to give 

V_, P^ C... 

and 

G V C ^C 

HOUQC = — u ^ — (ii6) 

Equations (3U) and (35) may also be combined with equations (Ul) and 

(I4.2) respectively, to yields 

and 

""- = tTc, - T,J/(AT)^ '̂'̂  

The relationship between heights of the individual heat transfer 

units^ HOUjp and HOUp, and heights of the overall heat transfer unit, 

HOUQJJ and HGU ^ are analogous to those of mass transfer, and have been 

shown to be 

^ • ̂i5 
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(1̂ 9) 
-" 'G^G Ĝ 

and 
V P C 

(50) 

7,314 Overall Heat Transfer Coefficients. If the assumptions made 

in the derivation of equations {^h) and (35) are again assumed valid, 

then equation (25) may be integrated to yield; 

q = Ua S(AT)^^Z (5l) 

Since the product SZ is the total volume of the contactor, V„, Ft3, then 

equation (5l) may be rearranged as follov/s to define the overall heat 

transfer coefficient per unit volume of contactor, Ua, 

7,1; End Effects 

7.UI Definition of Contactor Height, Z, As was previously men­

tioned, the definition of column heiLht for a liquid-liquid contactor 

is somewhat arbitrary. In general, the contactor height is defined as 

that portion of the apparatus in which the major portion of the phase 

contacting takes place. For packed columns, the contactor height is 

usually taken as the height of packing within the column. However, for 

spray towers the height is simply the distance between inlet discontin­

uous-phase nozzle and the interface of coalescence. For the pulse 

column used in this investigation, the column height has been arbitrarily 

defined as the number of plates multiplied by the plate spacing. 
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studies, has been that of meas\iring concentration profiles within the 

column. Thus when ever end effects are present, an abrupt chaxige or 

discontinuity will appear in the concentration profile at the end or 

ends of the contactor. A method similar to the one above has also been 

utilized in the determination of end effects for heat̂  transfer in 

liquid-liquid contactors. Abrupt changes ̂discontinuities;̂  in the tei^er-

ature profile within the column, determined by means of temperature 

probes, will occTxr when end effects are present. 

End-effects may also be measured by experimentally determining 

some measure of the column effectiveness such as the nuniber of mass or 

heat transfer units, as a function of column length or height. Theo­

retically, the contactor should have zero effectiveness at zero height. 

However, because of end-effects, some columns have a finite effectiveness 

at extrapolated zero height. Thus, the extrapolation of a plot of some 

measure of effectiveness versus some measure of column length to zero 

effectiveness results in a measure of the end-effect, expressed in terms 

of column length. Such a plot is shown in Figure U, and has beeii pre­

pared from mass transfer data obtained by Pike et al (36), with the 

system benzene-water, and the pulse column used in this investigation. 

An examination of Figure U shows an end-effect equivalent to 3 

plates. 

7,hh Coftimon Magnitude for End-Effects. For spray columns, Sher­

wood, Evans, and Langcor (UU) assumed that the end-effects were located 

in the drop as they formed, causing U0-li5 percent of the extraction in 
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Figure U, Effect of number of plates on number 
of mass transfer units 

these towers. Farmer (12), found an effect of the same magpitude for 

the spray columns used in his investigations. 

Although end-effects for mass transfer in packed coramjis will vary 

with tower desit̂ n, the following data are reported for end-effects in 

packed columns, MacAdams, Pohlenz^ and St„ John (30) report an end-

effect of 7 inches, while Surosky and Dodge (U7) have reported an end-

effect of 2,2 inches from their investigations. 

For pulse-col'omns, as described previously, the end-effect for the 

continuous phase may be about 3 plates. 

r u 
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7,5 Analogy between Heat and Mass Transfer 

7o5l Introduction. From the limited knowledge of tTirbulence in 

fluid streams, it should be evident that both eddy diffusion and heat 

transmission in a turbulent stream aire dependent upon velocity gradi­

ents, and thus friction (momentum transfer), heat transfer, and mass 

transfer must be intimately related. As a result, the theoretical de­

velopment in these three fields are somewhat analogous. Most of the 

theoretical and experimental work done in these areas has been in the 

study of turbulence and the connection between wall friction and the 

properties of the turbulent stream. However, some investigators have 

employed this background to develop exĵ ressions for analogy between 

heat, mass and momentum transfer, A few of the more important relations 

are given below, 

7^52 The Reynolds Analogy„ The first theoretical equation for an 

analogy relating heat and momentum transfer for turbulent flow in a pipe 

or tube was that developed by Reynolds (3U), Assuming that the heat lost 

due to friction, divided by the momentum of the stream, was equal to the 

ratio of the actual heat transferred in a pipe section to the heat 

which would be transferred were the fluid to come to thermal equilib­

rium with the pipe wall, Reynolds developed the relation, 

fcpu ,^ , 
h = - ^ (53) 

where 

h = heat transfer coefficient at pipe wall in contact with fluid 
flowing, Btu/(hr)(°F)(ft2), 

f = Fanning friction factor, dimensionless 

.>0 
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All other terms are as previously defined. 

The Fanning friction factor is defined by the expression 

f . 1 ?, [^ fc (5M 
2 T IdLJ ^ ^ 

where 

D •= pipe or tube diameter, ft, 

P = pressure, lbs-force/ft. 

L ~ length of tube or pipe,ft. 
(lbs-mass)(ft) g = constant, 32,17 yv, >-- \r- \o' 

c (lb-force)(sec)2 

and all other terms are as previously defined 

The above assumptions of Reynolds are equivalent to the assumptions 

that, for turbulent flow inside of tube or pipe, 

E M = Ej, m 

where 

E„ = eddy diffusivity of momentum transfer 

Ejj = eddy diffusivity of heat transfer 

and 

= 1 (56) 

.2 

where 

y^= viscosity of fluid flowing, Ib-force-hr/ff^. 

k = thermal conductivity of fluid flowing, Btu/(hr) (ft"̂ ) (°F/ft). h2N^0, 

Equation ($3) above may be arranged in a more convenient form to 

give 

cTS • f (57) 
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where the dimensionless group, jrm* ^^ defined as the Stanton number, 

St. Thus 

St - ̂ ^ (58) 

Reynolds developed another expression, similar to equation (57)., 

relating mass and momentum transfer, and based on the similarity of mo­

mentum of mass transfer in the turbulent core of a fluid flowing in a 

tube or pipe. This relation is given as follows: 

k̂  •= ̂  i^9) • 
c 2 

where 

kg = mass-transfer coefficient, lb mole/(hr)(ft )(lb mole/ft-^). 

In the derivation of eqiiation ($9), Reynolds neglected, or did not 

allow, properly for the gradual change in the relative importance of 

By and E,- in going from the pipe or tube wall to the center of the stream, 

where 

D = diffusion coefficient, ft^/hr. 
V ' ' 

Thus Reynolds assumed D^ and^^ negligible in comparison with £ and E_, 

where 

£ » eddy vigcosity, lb force hr/ftf 

7.53 The Von Karman Analogy. Von Karman (53) modified the 

Reynolds analogy between mass and momentum transfer by assuming that 

the variation of^^, and the shear stress, y , are similar across the 

fluid stream such that y/Ji is a constant, where 
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^ « shear stress in flowing fluid, lb force/ft, 

k c 

cK 

2 

= -M9/£ 

N - rate of diffusion of diffusing component, lb mole/(ft^)(hr). 

In addition to the above assumption. Von Karman also assumed that 

and D were negligible in comparison to £ and Ejyj, as did Reynolds, and 

developed the relation 

(60) 

where 

(61) 

It has been found that o(_ varies from 1.0 to 2oO in the turbulent 

core of the stream for fluid flowing in tubes or pipeso 

If Ej, and £ are assumed negligible in comparison with D 3Xid,ZC , 

the Von Karman's relation takes the form 

\ = (eD^/^)(fU/2) (62) 

indicating the possible importance of the dimensionless group, 

(̂ D̂ //d )<, This group is called the Schmidt group, Sc, and is defined 

Sc = ̂  (63) 

^ V 

7o5i; other Modification of the Reynolds Analogyo The first import­

ant modification of the Resmolds analogy was made by Prandtl (38) and 

Taylor (ii8), who considered heat transfer to take place through two re­

sistances in serieso These resistances were a laminar layer at the 

tube wall and the turbulent layer to which the Reynolds analogy applied., 
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A corresponding analogy between mass and heat transfer, based on the 

above assumptions, was also developed from the Reynolds analogy by 

Colburn (7)o Both of the above analogies for mass and heat transfer, 

and heat and momentum transfer, were modified even further by Chilton 

and Colburn (i;) as will be discussed in Section 7o55. 

7o55 The Chilton-Colburn Analogy. Probably the most important 

and useful analo£,y between mass, heat, and momentum transfer are those 

developed by Chilton and Colburn (h)> 

By use of dimensional analyses, the following familiar dimensionless 

relation has been developed for correlating heat transfer coefficients 

for fluids being heated as they pass through tubes or pipes in turbu­

lent floWo 

|^ = a(D^U^)^ {yUC/kf (6U) 

The above dimensionless groups are defined as follows: 

Nusselt number = Nu = — (6^) 

k 

Reynolds number = Re = —77— (66) 

Prandtl number = Pr = *~— (67) 

and a, b, and c are experimentally determined constants„ All other 

terms are as previously defined» 

A similar expression has been developed by means of dimensional 

analysis, for the correlation of mass transfer through the gas phase 

flowing in turbulent flow through a wetted-wall columno This corre­

lation is given by the following dimensionless relation„ 
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^ = a'(D^U^ )^" (^/QDv)°' (68) 
k.D 

k D 
In this case, the dimensionless group, —^, is defined as, 

Dv 

Sherwood number = Sh = (69) 
Dv 

All other dimensionless groups and terms are as previously defined, 

with a', b» and c' agaift being experimentally determined constants. 

An examination of equation (6I4.) and (68) above, shows that both 

equations may be arranged to give a function of the Reynolds number 

equal to the product of a pair of dimensionless groups as follows: 

aCceu^ )̂ -l = ̂  O'C/k)^"" (70) 

and 

a«(Deu/^ )^'"^ = ̂  O^^/^Dv)!"^' (71) 

Chilton and Colburn (U) have defined the above functions of the 

Reynolds number in equations (70) and (71) as the "j factor" for heat 

and mass transfer respectively^ and are defined as follows: 

j^ - aiBQWy^ )^"^ = ^ (>^C/k)^"' (72) 

and 

j^ = a.(Deu/^)^'~l=^ (>^/eDv)^~<^' (73) 

where 

j = j factor for heat transfer, dimensionless 
n 

jj. = j factor for mass transfer, dimensionless 
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When heat, mass and momentum transfer in fluids are intimately re­

lated and are accomplished by similar mechanism, the constants associated 

with the two functions of the Reynolds number are equal, i.e., a • a' 

and b «= b'„ Thus, under such conditions, the j factor for heat and mass 

transfer are equal, and related to the Fanning friction factor as 

follows; 

JH = JM = 2 ^̂ ^̂  

Furthermore, if the mass, heat and momentum transfer processes are op­

erating through the same paths, or accomplished by similar mechanisms, 

then the j factor concept and equation (7i4) can be used to predict any 

two of these transfer processes from a third. 

In using the j factor concept for the prediction of mass transfer 

from heat transfer, or vice versa, it is necessary to assume that coe­

fficients and exponents of the Reynolds number are equal, i.e., a = a' 

and b = b'„ In general, this has been found to be true for mass and 

heat transfer in most solid-gas or liquid-solid contactors, with the 

same values of these constants being experimentally determined for each 

type of contactor. Values of these constants have been found to be, 

a = a' = 0,023 

and 

b = b' = 0.80 

Values of c' have been found experimentally to be approximately 

O.UU, with values of c ranging from 0.3 to O.ii. In developing the j 

factor concept, Chilton and Colburn arbitrarily assumed c and c' to be 

equal, and to have the value 2/3. 

51> 
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The above j factor equations have been used rather successfully in 

correlating data on absorption and evaporation in wetted-wall columns, 

absorption on cylinders placed at right angles to a gas stream, and 

vaporization from a plane surface. Recently, Calderbank and Korchinski 

(3) used the j factor analogy successfully in predicting heat transfer 

to liquid drop in a continuous liquid phase from mass transfer data 

for an analogous situation where the dispersed phase resistance was 

assumed negligible. 

In the past, most success has been achieved with the j factor a-

nalogy in predicting heat transfer from mass transfer, or vice-versa, 

rather than in predicting heat or mass transfer from the Fanning fric­

tion factor. This seems to be due to the fact that the friction factors 

are commonly calculated from measurements of total drag, including both 

skin friction and the normal pressure drag, whereas the analogy holds 

only when skin friction alone is considered. Such cases thus result 

in the inability to characterize properly the state of motion of the 

fluid by a simple term such as the Reynolds number. 



8.0. LITERATUHE REVIEW 

8.1 Heat Transfer in Liqtiid-Liquld Contactor 

8.11 Background. Although this section of the Literature Beview 

deals mainly with heat transfer in liquid-liquid contactors, it is felt 

that a section of the more iaportant work in the field of mass trans­

fer and fluid hydrodynamics should be presented here as backgroisind 

material. This is especially true for the material which will be 

presented in section 8.12, Heat Transfer Between Single Drops and Con­

tinuous Liquid Phases. 

For quite some time the "two-film" theory of Whitman (refer to 

SheiTTood and Pigfoi*d(I|.5)) has been the accepted model for interpretation 

of both heat and mass transfer data in gas-liquid or liquid-liquid 

systems. Here it is asstimed that the fluid in the region on either side 

of the interface is essentially laminar in its structure and that heat 

and mass can traverse these regions only by a diffxisional process. It 

is now known that this picture is an oversimplification, yet two-fluid 

systems are often successftilly treated as if two adjacent finite resis­

tances of this sort do exist, 

Higbie (21) diverges from the Whitman "two-film" theory to assume 

that for a given fluid phase, the Interface is continually being re­

newed in some manner by fresh phase brought from the interior to the 

surface. When and where it reaches the interface, this fresh material 

creates an unsteady-state absorption pattern as solute penetrates into 

the relatively fresh layers; hence the generation of the term "pene­

tration theory". This concept is being steadily developed in recent 
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years, particularly by Toor and Marchello (5l), by Danckwerts (9,10), 

and by E. Ruckenstein (i|l). Unfortunately, no clear, convenient and 

unambiguous treatment has yet been demonstrated for this basic model 

of unsteady-state penetration. 

Another concept of interest is the rate of heat or mass transfer 

to a drop follows different mechanisms in the period of formation, the 

period of rise and upon drop coalescence. Light and Conway (27) pro­

vide a good illustration of this situation for the case of mass transfer 

to and from drops. 

Probably one of the most significant theoretical contributions made 

in the field of mass transfer was that of Kronig and Brink (23). By 

modifying the results of Hadamard (18) on the hydrodynamics of rising 

droplets, they were able to calculate a theoretical circulation pattern 

within a shperical drop, as shown in Figure 5, due to viscous drag be­

tween the drop and the surrounding medium. 

By applying diffusion theory to the circulation pattern, consid­

ering the streamlines as lines of constant solute concentration, they 

were able to show that the time of circulation of matter was small com­

pared with the time of diffusion, except at the boundary surface of the 

drop. However, as the droplets became sufficiently large, 0.1 mm in 

radius or larger, this effect became less important. In ajjplying their 

theory to ratrs of extraction, Kronig and Brink were able to show theo­

retically that the rates of extraction were 2„5 times as large for 

droplets with internal circulation, as compared to stationary droplets 

in a surrounding medium with an infinite diffusion coefficient. This 

ol̂  



The existance of circulation patterns similar to these described 

by Kronig and Brink have been shown to occur, and have been varified 

experimentally in several different ways. Spells (I|.6) made photographs 

of the striae in glycerine-water drops which clearly showed the circula­

tion pattern. Heertjes, et al (20), allowed drops of isobutanol, col­

ored blue with Co Cl_, to rise through water, and measured the amount 
2 

of isobutanol transfered to the continuous water phase. When the con­

centration of isobutanol reached a certain value, color changes from 

blue to pink occured within the drop in a manner to give evidence for 

the existance of circulation patterns. Heertjes actually found that 

the last remaining portion of original color had the shape of a ring at 

positions A, as shown in Figure 5. If no circulation had occurred in 

the drop, the original color would have been expected to remain longest 

in the center of the drop. It has also been found that in some mass 

transfer studies on liquid drop, that the rapid rates of extraction de­

termined eaqserimentally were difficult to explain unless internal cir­

culation within the drop was asstaaed. 

The assumptions of Kronig and Brink require that a moving drop 

circulate no miatter what its size. In practice, it has been observed 

that for a given system, drops smaller than a certain size (about 1 mm) 

tend not to circulate at all, for reasons yet unclarified. Garner and 

Skelland (lU) review some of this information. Non-circulating drops 

are found to absorb heat and matter entirely by diffusional processes, 

whereas circulating drops are a different case, Schwindt and Stuke (14.2) 

demonstrate transition cases where drops show various degrees of partial 

•Gl 



k6 

internal ciroi;LLation, Linton and Sutherland (28) both review and dem­

onstrate the fact that internal circtilation of drops can be controlled 

either by surface absorption of molecules or by absorption of particulate 

matter like dust. 

In addition to internal circulation as a factor in heat and mass 

transfer, drop osoillation and the presence of surface waves and distor­

tion above been observed. 

The net effect of all of these hydrodynamic complications is that 

there is at present no satisfactory mathematical model for either heat 

or mass transfer to or from drops. 

8,12 Heat Transfer Between Single Drops and Continuous Liĉ uid 

Phases, Gonkie and Savic (8) appear to be the first investigators who 

studied heat transfer to single drops considering internal circulation 

within the drops. Hie results of Kronig and Brink were not used direct­

ly due to the fact that they assumed the motion took place in the 

Stokes' regime, and therefore no boundary layer in the classical hydro-

dynamical or thermal sense existed, Cpnkie and Savic, however, felt 

that a boundary layer did exist, and therotically examined the influence 

of circulation on its thickness and extent. From this they were able 

to determine the effect of circulation on the value of the local heat 

transfer coefficient, and compare their results with experimental re­

sults of other investigators. 

McDowell and Ifyers (31) experimentally determined the ten̂ jerature 

rise of liquid drops rising through another liquid, and coii¥>ared their 

results with those predicted from three assumed heat transfer mechanisms. 

The three mechanisms considered vera; (1) non-circulating drop being 



heated by pure radial conduction with no outside film resistance, and 

surface temperature equal to that of the surrounding medium j (2) a non-

circulating 4rop being heated by pure radial conduction with an outside 

film resistance; (3) a circulating drop of the type described by Kronig 

and Brink in which the streamlines are assumed to be isotherms, ai^ out­

side film resistances â ssumed negligible. They conclude that in systems 

where the viscosity of the drops is low compared to that of the con­

tinuous phase, circulation will take place in the drop, and mechanism 

(3) above controls. Also, if the thermal conductivity of the contin­

uous phase is low compared to that of the liqxdd drop, and no circula­

tion within the drop is present, then an appreciable part of the 

resistance to heat transfer will be in the film outside the drop, and 

mechanism (2) controls, 

Calderbank and Korchinski (3) determined values of the cqntinuoiig 

phase heat transfer coe:fficient for mercury drops falling -jihrougb 

hotter or colder aqueous solution of glycerol held at constant tenper-

atures. They were able to correlate their data with that published for 

heat transfer to solid spheres along with data from analogous mass trans­

fer situations where the dispersed-phase resistance was negligible. The 

correlation was good up to Reynolds numbers of 200 where all experiment­

al data departed from that for solid spheres. It was noted, however, 

that at Reynold's nuidbers above 200, drop oscillations were observed to 

occur. Since internal drop circulation has been shown to be present at 

Reynold's nvimbers below 200, it was concluded that internal circulation 

has no appreciable effect on the continuous phase heat transfer co~ 

efficient. 
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Calderbank and Korchinski also irere able to show that the ratio of 

an effective mass or thermal diffusivity fpr circulating drops, based 

on the model of ]^onig and Brink, to that for a rigid sphere in a con­

tinuous phase medium of constant temperature and negligible resistance, 

was 2,25. Using data from broraobenzene drops falling in aquequs 

glycerol solution, along with much literature data, they were able to 

show, that this ratio varied from 1.8 to 3.3 in the circulating regime. 

However, in situations where the experimental data indicated the pres­

ence of drop oscillations, values of the above ratio wei*e much higher. 

Handlos and Baron (19)' have developed a schematic drop model 

which takes into account vibrational patterns as well ai circulation 

patterns within the drop for regions of highly turbulent motion (Reynold 

number about 1000). They assumed that the tangental motion caused by 

circulation is combined with the assumed random radial rfiotions due to 

vibration in the evaluation of an eddy diffusivity. By combining this 

motion with the single circulation patterns of Kronig aiid Brink, Handlos 

and Baron were able to derive single expressions for th^ dispersed 

phase mass transfer for coefficients, or the inside dro^ coefficients. 

By using the results of West et al, (Sk) for the detennination of a con­

tinuous phase mass transfer coefficient, and assuming the sin̂ jle sub­

stitution of themial diffusivity for mass transfer diffusivity, they 

were able to calculate values of the overall heat transfer coefficient 

for the system benzene-water. These data were correlated with the ex­

perimental results of Garwin and Smith (15). They were also able to 

correlate their experimental values of overall mass transfer coeffi­

cient for the system benzene-water, using various substances as the 
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solute, with calculated values of the overall cbefficients. This was 

also true with experimental mass transfer data reported by other invest­

igators, 

Elzinga and Banchero (11) adopted three drop models to describe 

the mechanism of heat transfer within drops, and used these models in 

conjunction with their experimental data to determine the continuous 

phase heat transfer coefficient. The three drop models considered were: 

(l) a completely mixed drop in which there were no temperature grad­

ients; (2) a circulating drop with flow patterns similar to those pre­

dicted by Kronig and Brink, However, in the solution of Kronig and 

Brink's equations, finite values of the continuous phase heat transfer 

coefficient were assumed rather than infinite. By coiJ?>aring the heat 

transfer data calculated from the experimental results with those cal­

culated from the experimental results with those calculated assuming a 

given drop model, and with the aid of the limiting maximum and minimum 

values of the heat transfer coefficient, Elzinga and Banchero were able 

to determine which drop model best described the mode of heat transfer. 

They were also able to develop a general correlation from which values of 

the continuous phase heat transfer coefficient could be calculated for 

systems in which the ratio of the discontinuous to continuous phase 

viscosities was eqxial to or less than unity. However, in systems where 

this ratio is greater than unity, circulation ceases to become an im­

portant factor, and the above mentioned correlation gives high results. 

Also, if oscillations are noted within the drop, the results from the 

correlation will be low. 

Cb 
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8,13 Heat Transfer in Liquid-Liquid Spray Colximns. It appears 

that the first heat transfer studies performed in a spray column were 

made by Allen, et al (l), in studying the continuous hydrolysis of fats. 

Value of the overall heat transfer coefficient-total heat transfer area 

product, UA, are reported. However, the author states that the data 

are not sufficiently complete to draw conclusive relationships between 

operating conditions and UA. Also values of a mean temperature differ­

ence are reported, but the exact nature of this mean temperature differ­

ence is not clearly defined. 

Rosenthal (UO) carried out heat transfer studies in a spray column 

using the system toluene and water. In addition to the heat transfer 

studies, he also determined some of the flooding and hold-up character­

istics of the column for two different types of spray distributors. For 

transfer of heat from the continuous water phase to dispersed toluene 

drops, Rosenthal found that values of HOU„j. increases linearly and de­

creased linearly as a f xinction of VQ and V respectively when plotted 

on logarithmic coordinates. Values of V or V were used as parameters, 

and were shown to effect appreciably the values of HOUQ-p,. The data were 

correlated by an equation of the form 

(Vp)a 

where K, â  and b are experimentally determined constants. 

However, for Vjj/Vp ratios greater than 1.2, values of H9U„|̂  decreased 

faster than predicted by the above equation. 

For heights of overall discontinuous phase units, it was found 

that values of H9U decreased slightly, in a linear fashion, as a 
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function of Vĵ  or V on logarithmic coordinates. Values Vĵ  or V as 

parameter seemed to have no appreciable affect upon HSU _̂ , and the data 

was correlated by an equation of the form 

(VJ^(Vp.)^ ^D' 

Equation (76) was also limited to values of V /V less than 1.2. 

Treybal (52) has taken the above data of Rosenthal and presented values 

of HGUQJJ and H9U as functions of the superficial velocity ratio. 

Values of the overall volumetric heat transfer coefficient, Ua, 

were also determined by Rosenthal. It was found that Ua increased lin­

early as a function of V or V on logarithmic coordinates, but Vj-j was 

only important as a parameter when V„ was the independent variable. V 
u C 

as a parameter had little affect on Ua when V was the independent vari­

able. It was found that values of Ua could be correlated by the express­

ion, 

Ua = KV^ V^ (77) 

Rosenthal made two runs in which the direction of heat transfer 

was reversed, but could detect no effect upon the results. 

Garwin and Smith (l5) studied drop size and rise in spray columns, 

using the system benzene-water. From these studies, using benzene as 

the dispersed phase, holdup calculations were made from which values of 

the overall heat transfer coefficient, U, were determined. Also, from 

profile data of the continuous phase, rigorous values of U were 
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calculated and compared with those calculated using a In-mean temperature 

difference. It was found that the ratio of the rigorously to logarith-

micly calculated values of U increased from slightly less than unity at 

low holdup, to 1.2 at high holdups. This behavior of the ratio was con­

sidered as evidence for recirculation of the continuous phase at high 

flow rates of the discontinuous phase. It was also found that U de­

creased with increasing flow rates of the continuous and discontinuous 

phases, and with increasing holdup. However, Ua increased with in­

creased flow rates of both phases. 

Gai^in and Smith made studies with heat transfer in both directions 

between phases. They found that the rates of heat transfer were greater 

from the discontinuous to continuous phases than when the reverse was 

true. The difference was of the order of 25 to 30-percent, but no • 

reason was set forth to explain it by Garwin and Smith. This point is 

discussed later. 

Barbouteau (2) experimented with heat transfer from water to hydro­

carbons both in small laboratory equipment and in commerical equipment. 

By raeasiiring the size of the drops in auxilary equipment, he was able 

to estimate the surface area exposed, and from that the individual film 

coefficients for the continuous phase outside the drop. Both mathemat­

ical, analysis and, his correlations of data involved the same diBiension-r -i - •. , 

less numbers, the Nusselt number, the Reynolds nuinber, and the Prandtl 

number, as employed by Calderbank and Korchinski, His results, ap­

plying to the aqueous phase, invite comparison with those of Calderbank 

and Korchinski, and other reviewed by them. However, results of 

Barbouteau are much lower and tend to rise much more rapidly as the 



$3 

Reynolds number increases. If the results of Barbouteau are extra­

polated above a Reynolds number of 1000, the extrolation tend to agree 

in magnitude and slope with the experimental results of Calderbank and 

others in the corresponding region of Reynolds number. 

Johnson, et al (22), in addition to mass transfer studies, invest­

igated the effect of varying physical properties of solvent pairs on 

the operation of a spray column. To accomplish this, heat was trans­

ferred in both directions between a continuous water and discontinuous 

phases of carbon tetrachloride-naphtha mixtiires of varying properties. 

Although the authors present their results in terms of the heights of 

individual phase heat transfer units, HOÛ , and H9Up, no where do they 

indicate how they were calculated from the experimental data. It is 

therefore believed that the results are actually in terms of H9Û p. and 

H9UQP rather than H9U and H9U^. 

The H9Up data were correlated with Vj-j/V on logarithmic coordi­

nates, and the H9U„ data correlated as a function of V^/VQ on rectangu­

lar coordinates, as was done by Traybal. It was found that the rates 

of heat transfer were again higher for heat transfer from the discontin­

uous to continuous phase. Internal circulation within the drop, similar 

to that described by Cronkie and Savic, was set forth as a possible 

explaination for the difference. 

The most recent published work on heat transfer in spray columns 

was done by Pierce, et al (3ii), using the system mercury dispersed in 

water. From studies of drop sizes and velocities in the column, cal­

culations of holdups were made in ac3dition to the calculations of 



interfacial heat transfer areas per unit volume of contactor. Also 

values of U and Ua were determined, and found to decrease with increased 

column length. From temperature profile data, it was found that a plot 

of q versus ̂ T was not linear, and therefore the use of a logarithmic 

temperature difference not Justified. It was also found that recir­

culation of the continuous phase caused a discontinuity in its temper­

ature at the bottom of the column, which accounted for 80-percent of 

the total temperat\ire rise of the continuous phase. Also high speed 

movies showed water clinging to the merc-ury drops as they flowed down­

ward, along with oscillations within the drops, but with little hori­

zontal mixing. Results indicated that the major heat transfer resistance 

was not at the water-merciiry interface, but between the surface of the 

drops and the bulk of the phase. 

8.1ii Heat Transfer in Other Liquid-Liquid Contactors. Grover and 

Knudsen (17) have determined the rates of heat transfer between a petro­

leum solvent and water flowing in a horizontal circular pipe. Three 

methods of solvent injection were employed to determine the effect of 

mixing. Values of UA/V, where V represents the volume of the contact­

or, were correlated with the total liquid mass flow rates for various 

degrees of mixing. Calculation showed that for the same flow rates and 

temperatures used in the investigation, heat transfer is more effective 

by direct contact than with a double tube co-current heat exchanger. 

Also a general correlation between a Nusselts number and Reynolds num­

ber was developed. 

7'} 



Mottel (32), in evaluating the effectiveness of mixing two liquids 

in a mixer-settler utilizing a shrouded paddle, measured heat transfer 

rather than mass transfer in the evaluations, 

8.2 Heat and Mass Transfer Studies on Pulse Column Used in this 
Investigation. 

8.21 Introduction. The heat and mass transfer studies discussed 

in this section are, without a doubt, the ones most pertinent to this 

investigation. This is due to the fact that the studies presented 

herein have all been made on the same basic equipment. In addition, 

the same system, benzene dispersed in water, was en?)loyed in all, along 

with siioilar operating conditions of flow and pulsing rates. 

8.22 Heat Transfer for Studies of Li. In addition to making major 

modifications on the pulse colurain, such that it could be used for heat 

transfer studies in addition to mass transfer studies, Li (25) also made 

some preliminary investigations on the heat transfer responses of the 

column. These included an evaluation of heat losses from the coluain, 

and heat generated within the column due to the pulsing action. Also, 

Li made a limited number of heat transfer runs on the system benzene-

water, to demonstrate the effectiveness of the modified unit. Heat was 

transfered from a continuous water phase to a discontinuous benzene 

phase flowing countercurrently through the coluirai. 

Li operated at a Vĵ /V ratio of 1,0, with ^T) " ̂ o " 20 ft/hr. These 

relatively low flow rates of the benzene and water phase were chosen to 

permit a wide range of pulsing yates, 77jj , to be used before flooding 

was reached in the column. Pulping rates vary from a low of TTD • 50 

ft/hr,, to a high near the flood^g point of 77jj » 1200, were used. Li 

TJ 
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used benzene inlet temperatures approximately equal to room temperature, 

'and water inlet temperatures of approximately 60° C. Three runs were 

made using a water inlet temperature of approximately U5° C, A com­

plete summary of Li's data and recalculated results are given in tables 

2A through 2F of the appendix, 

8.23 Heat Transfer Studies of Gardner. The studies of Gardner 

(13) were simply a continuation of the work of Li. However, in all of 

his heat transfer runs, Gardner used only one value of the rate of 

pulsing, J7-Q " 150 ft/hr and a constant VQ superficial velocity of 20 

ft/hu, even through Vĵ /Vp ratios greater than unity were sometimes em­

ployed. 

Gardner also used a benzene inlet temperature approximately equal 

to room temperature. However, several different inlet water tempera­

tures were employed in his studies. 

By varying the Vp/Vp ratio, and the inlet water temperature, 

Gardner was able to correlate Ua, H9U„„ and H9UQ£) as a function of VJ^/VQ 

and AT-. O In addition, he was also able to determine from photographs 

hold-ups within the column, from which he was able to derive and corre­

late U values as a function of ^n/'^n and /\T-|^. Gardner also made three 

runs in which the V-̂ /Vp ratio was so adjusted as to give approximately 

the same measured temperature differences between phases at each end of 

the column. In this way Gardner was able to calculate an average tem­

perature difference between phases throughout the column. From these 

three runs he was able to show that result calculated using the known 

temperattire difference through the column, correlated with those cal­

culated using a In-mean temperature difference. In so far as these 
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few T^ms could, they supported the appropriateness of the use of a In-

mean temperature difference, Gardner was also able to show that values 

of H9UQP,HQU _̂, and Ua, were dependent only upon the product FA, and 

independent of the individual values of F and A used. 

From his limited data, Gardner was able to develop the following 

correlations for the pulse column heat transfer responses. 

-1,12 0.1ii6 
oc - 0.55 (V^/VQ) ( A T I „ ) - ft, (78) H9U 

-0,18 OolU6 
H9UQJ5 -0.214 (VO/VQ) (A^lm) ' ^^' ^^9) 

0.51 -0,1146 
U - l4i|(VDAc) (ATlm = Btu/(hr)(0F)(ft2). (80) 

and 
1.15 O.II46 

Ua = 2000(VD/VC) (ATim) 

= Btu/(hr)(OF)(ft3)^ (81) 

8„2l4 Mass Transfer Studies of Pike, et, al. Pike, et al (36), 

using the system benzene and water, were able to experimentally deter­

mine values of Np and N„ for the pulse column used in this investigation 

in mass transfer response. This was done by careful choice of solute 

concentrations used in their investigations. Thus it was possible to 

calculate values for the heights of individual phase transfer units, 

HTUQ and HTUĵ . 

Values of jTj. from 50 to 1200 ft/hr. were used. In addition, VJ-J/VQ 

ratios of approximately l/3, 1.0, and 3.0 were employed. 

7 1 



9.0 MATERIALS AND APPARATUS 

9.1 Materials 

9.11 Water. All water used in this investigation was a good grade 

of distilled water, prepared in the Department of Chemical Engineering, 

North Carolina State College, The distilled water was stored and trans­

ported in clean stainless steel drijims at all times. Although most of 

the water passing through the column during operation was collected in 

stainless steel drums, none of it was ever recycled to the column except 

dtiring start-up. Recycled water was used during the start-up period 

and until thermal equilibrium was reached in the column in order to con­

serve the freshly distilled water for later use during the course of a 

run. 

9.12 Benzene. A thiopene-free, 1 -grade of benzene was used in 

this investigation. It is the purest commercial grade produced by the 

Barrett Division of Allied Chemical and Dye Corporation. Although this 

benzene had been used previously in mass transfer and other heat trans­

fer studies, it was redistilled in departmental facilities, and stored 

in stainless steel drums. All benzene collected dizring operation of the 

column was stored in clean stainless steel drums, and reused in sub­

sequent operations. For this reason^ it was assumed that all benzene 

employed was water saturated, at least at room temperature. 

9.2 Apparatus 

9.21 Background. The apparatus used in this investigation was 

originally constructed under an Atomic Energy Commission contract. No. 

AT-(l4.0-l)-1320, for the study of various performance patterns, 
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particularly mass transfer, in a pulse column. At the conjjletion of 

the mass transfer studies, the equipment was modified by Li (25) for 

heat transfer studies, and its perfonnance evaluated. Modification of 

the apparatus consisted mainly of insulations of coi^onent parts, and 

the installation of stream heaters and temperature measuring devices. 

For a more detailed description of the column modifications, refer to 

Li (25). 

9,22 General Description. The pulse column apparatus used in this 

investigation is shown schematically in Figure 6. An examination of 

Figure 6 shows that the less dense discontinuous phase, benzene, is 

pumped from a 55-gallon stainless steel feed tank, through a benzene 

"Rotameter" and an adjustable constant-tengjerature bath, by means of 

a Milton-Roy, variable speed, "Constameter" piston punp. These pumps 

are specifically designed to produce a constant rate of flow by suitable 

synchronization of twin pistons. From the constant temperature bath, 

the less dense phase enters the bottom of the pulse column proper 

through the benzene inlet nozzle. The benzene thus flows up the column 

as the discontinuous phase, coalescing at the water-benzene interface, 

and overflowing by gravity into a stainless steel storage drum. The 

contents of the column as pulsed by means of a Milton-Roy "Sin̂ ilex" pump 

equipped with a special micro-adjustment of the stroke length; 

Quotation marks have been used to set-off commercial trade names 
of all materials and apparatus used in this investigation. A con5)lete 
listing of these trade names is given in the nomenclatixre. Section lli.O, 
along with more detailed information on the materials and apparatus. 
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Figure 6 also shows the continuous water phase pumped from a 55-

gallon stainless steel storage tank, through a "Rotameter" and second 

constant-ten5)erature bath, by means of another Milton-Roy variable 

speed "Constametric" pump. However, after passing through the column, 

the water phase is pumped from the bottom of the column by means of a 

third Milton-Roy "Constametric" pump into a stainless steel storage drum, 

or into a more convenient measuring container. The benzene-water inter­

face level was controlled by adjusting the speed of the water inlet 

pump, while the actual flow rate of the continuous water phase through 

the column was determined by the speed of the water discharge pump. 

A more detailed description of the component parts of the apparatus 

used is given in Section 9oho 

9o3 Modifications of Apparatus 

9o31 Additional Stream Heaters^ When the original equipment was 

modified by Li^ only one constant temperature tank was installed. This 

tank was installed such that it could be used to heat either the benzene 

or water feed streams, but not both at the same time. In all the heat 

transfer studies made on the pulse column by Li and by Gardner, this 

single constant temperature bath was used to heat the water feed stream, 

while the benzene feed stream entered the column at room temperature. 

However, as a result of their investigations^ both Li and Gardner rec­

ommended the installation of a benzene stream constant temperature bath 

to control the inlet temperature of the benzene more accurately„ This 

was found necessary due to relatively large fluctuations in room 
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diameter. Again, a 1/2-inch diameter stainless steel tube, 5-l/U inches 

in length, was soldered to the outside of the nozzle to give an air space 

of approximately l/8-inch thick, and $-l/k inches long. In addition, 

a 1-inch diameter "Teflon" sleeve was placed around the outside of the 

1/2-inch diameter tube. It was hoped that the smaller area of the new 

distributor, plus the increased air space thickness, would give lower 

temperature rises than observed by Li and Gardner. However, results of 

this investigation indicated temperature rises in the benzene feed stream, 

at the inlet, comparable to those observed by Li and Gardner under sim­

ilar operating conditions. This might indicate that metal conduction 

was supplying most of the unwanted heat transfer. 

9.33 Temperature Probe. At the conclusion of Li's heat transfer 

studies, a question was raised concerning the validity of the use of a 

In-mean temperature driving force in his calculations. Although this 

point was investigated to some degree by Gardner, it was felt that more 

information on the behavior of the temperature driving forces in the 

pulse column was needed. For this reason a stainless-steel temperature 

probe was installed in order to permit exploration of the temperatxxre 

profiles within the column. The temperature probe was installed in such 

a way that it could be raised or lowered to any point in the column 

through a packing gland located at the bottom of the column. A more de­

tailed description of the temperature probe is given in Section 9oli7. 

9oh Components of Apparatus 

9okl Feed Storage Tanks. The apparatus used in this investigation 

was equipped with two 55-gallon, stainless-steel, feed storage tanks. 

; 1 J 
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Although both of these storage tanks could have been used in storing 

the benzene and water feeds^ only the benzene tank was used. This was 

due to the manner in which the benzene flow rates were determined. In 

actual operation of the column, it was found more convenient to pmsp 

the continuous-water phase directly from the 55-gallon steel drum in 

which it was transported, rather than punp it from this drum to the 

stainless steel storage tank. 

9.Jit2 yeed Stream Measuring Devices. Both the benzene and water 

feed streams were each equipped with two Fisher and Porter "Stabl-Vis 

Rotameter" of different ranges, and calibrated for specific benzene and 

water tenperatures. However, these "Rotameters" were only used for flow 

indication and adjustment of the two phases, and not for flow measure­

ments. In addition to the "rotameters", each feed stream included a set 

of three cal,ibrated gage glasses. These gage glasses were all approxi­

mately it8-inches long, and had internal diameters of 0.75, 1.5, and 3.0 

inches. By means of a three-way quick-acting valve, it was possible to 

measure accurately the flow from any desired gage glass for short periods 

of time. 

Benzene flow-rates were determined by using the 1.5-inch diameter 

glass standpipe, while water flow rates were obtained by actually cdL-

lecting and determining the mass of water discharged from the column 

in a given time. A more detailed description of flow measurements is 

given in Section 10.21. 

9.k3 Feed Stream Constant Temperature Baths, As was mentioned pre­

viously, two feed stream heaters were used in this investigation, con­

trolling the inlet terperatures of both the benzene and water streams to 

>^(l 
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the pulse column. Since both constant temperature tanks were identical 

in construction, the following description applies to both, 

9.1̂ 31 Heat Exchangers. Each heat exchanger, or constant-temper­

ature bath, consisted essentially of a 55-gallon steel drum (22 inches 

in diameter and 36 inches high), in which was coiled one hundred feet 

of 3/8-inch outside diameter, (0.032-inch wall thickness) copper tubing. 

The inside of the drum was painted with a pigmented epoxy resin, "DEL" 

white E-Z. This paint is reported to be capable of dry service at tera-

perat\ires up to lî Ô F, Maximum wet service temperatures used in this 

investigation were approximately 190°F. The protection provided was not 

quite adequate in that some peeling of the paint was noted. 

The copper tubing was arranged in a 75-turn helical coil of about 

16 inches in diameter. It conveyed the stream being heated. The out­

side heating area of the immersed copper coil was 9o8 square feet. The 

drum was filled to within 2 inches of the top with about i4.60 pounds of 

water, and insulated with a 1-inch blanket of "Ultralite" insulation. 

To help maintain a uniform temperature in the bath, a l/Ii-h„p,, 1725 

rpm, explosion-proof "Lightning" mixer was mounted in the tank. It was 

inserted through a drum cover which served to reduce evaporation losses. 

The heat exchangers were installed as close as possible to the 

pulse coltimn to minimize heat transfer between the feed line and the 

sirrroundings, 

9,U32 Heaters and Wiring» In recognition of the heavy heat loads 

imposed by start-ups, heaters with a total rating of 6„0 kilowatts 

(20,500 Btu/hr) were installed in the constant temperatxire bath. 
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Table 1. Characteristics of electrical heaters 

Number of heaters 
Employed 

1 

1 

2 

Voltage 

118 

236 

236 

Rating 
(k.w.) 

1 kw 

2 kw 

1.5 kw 

Manufacturer's 
Catalog No. 

MT-110 

MT-120 

MT-115 

All "Chromalox" Immersion Heaters en5)loyed were manufactured by 

the Edwin L. Wiegand Compai^, and are listed in Table 1, 

The heaters were equipped with l-l/U inch standard pipe thread 

screw connections. The heater and one drain valve were installed 

through the use of five couplings brazed into the drum side about 6 

inches from the bottom of the drum. The four heaters were equally 

spaced around one-half the circumference, with the drain valve opposite. 

The 2 kw heater was connected directly to an off-on power supply, 

while the other three heaters were used in conjiinotion with "Variac" 

Transformers which permitted fractional use of the heaters by permitting 

the off-on load to be adjusted to small values. In addition, the power 

supply to the "Variac" connected with the 1 kw heater came from the 

power output of a Fisher "Electronic or Transistor Relay?. The net re­

sults of such fine control of power input to the heaters was the prac­

tical elimination of fluctuations in the temperature of the reservoir 

water. For a more detailed wiring diagram of the heaters, refer to 

Li (25). 

9.i433 Thermostats. The temperature of each constant-tenqjerature 

bath was controlled by a sensitive thermostat and relay which operated 

the 1 kw heater. Power from the heater came from a "Variac" 
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autotransformer which was directly connected with the power output of 

a Fisher "Electronic or Transistor Relay", This relay was in tvirn ac­

tuated by means of a Fisher "Micro-Set" thermostat, which was sensitive 

within 0.01°C, 

9.h3k Auxiliaries. For additional safety, two boxes were con­

structed from 3/U-inch plywood to house all the "Variacs", switches, 

and relays for both constant tengserature baths. These boxes were made 

safe by keeping a small positive pressure, above atmospheric, within 

the boxes with compressed safe air. Thus, it was iir5)ossible for any 

benzene vapors to be transported into the boxes and cause an explosion 

resulting from an electrical spark within the boxes. 

9.UU Piomps and Isolation Chamber. 

9.1ilil Feed and Discharge Pumps, Both the benzene and water feed-

stream puitps, and the water-discharge pump were "Constrametric" piston 

pumps controlled by D.G. motors and "Th3rmotrol" controls. These pumps 

possessed dual pistons so geared that the resultant flow was supposed 

to be constant. By means of an auxiliary wet of gears, the speed range 

of the pumps was rated to be 58 fold downward from the maximum capacity. 

To further lower the minimum capacity, the p\mp motors were equipped 

with 100 Ohm resistors which could be switched in series with the series 

fields of the D.C, drive motors. Flow rates were adjusted by means of 

"Helipots" which cbntrolled motor speeds, and provided the desired flow 

rates. 

The packing for these pumps was stated to be "poire" Teflon,. It 

was installed practically without the use of lubricant, and was leached 

by many months of operation. 

, • • -1 / '-• 1 
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Flow capacities for these pumps are indicated in Table 2, 

Table 2, Capacities of the pumps employed 

Material Pumped Gal/hr Ft/hr 

Benzene (feed) 0,72^ - 57oO'̂  5 - 39li 

Water (with feed OoU6° - 32.5^ 8 - 225 
end discharge) 

^Using a 1.917-inch diameter column with a 0.377-inch diameter 
spacers for the plateso Some convenient conversion factors for 
such a column are: 

GPH = 6.938 X FPH = gallons per hour 

GPH = Ocl337 X CFH = gallons per hour 

FPH = 0,0003211 X CFM = feet per hour 

CFM = 3III1 X FPH = cubic feet per minute 

'̂ Minimum without irregular action, with the added control provided 
in motor field, 

'̂ MinimxiTO without irregular action, as rated„ 

•̂ Rated maximum of purapo 

9,l;i4.2 Pulse Pump„ The pulse pump was a Milton-Roy "Simplex" 

pump equipped with a special microadjustment for stroke length, thus per­

mitting the piston stroke to be changed during operation from 0 to 

U-incheSo This is equivalent to a range of amplitude in the 1,92-inch 

diameter column of 0 to 2o5U-inches, The pulse pump sperd was also con­

trolled by a "Thymotrol" unit in conjunction with a Dc,G„ drive motor. 

Pulse frequencies could be varied from about 7 to 110 strokes per minute 

by means of a "Helipot" variable resistor. The pulse pump was also 

packed with "Teflon", 
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9.hh3 Isolation Chamber, An isolation chamber was installed be­

tween the pulse pump and the column, and fitted with a double thickness 

of a U-mil, U-inch chamber "Kel-F" diaphragm. It had been found in 

practice that the so-called "pure" Teflon packing rings were not pure 

Teflon, but instead possessed a small percentage of some substance, 

probabily a binder, that slowly leached from the packing into the fluid 

pulsed. This contaminant tended to affect the degree of dispersion in 

the pulse column. The isolation chamber served to eliminate this factor 

from at least the major source of trouble, the pulse pump. 

The pump side of the isolation chamber was equipped such that this 

side of the chamber could be filled with water under a head of approxi­

mately ten feet. This was done to insure complete filling of this side 

of the isolation chamber after changes in stroke length were made, and 

to make-up for water losses due to leakage around the packing gland of 

the pump. If such a provision were not made, incomplete filling of the 

pump side of the isolation chamber might result, leading in turn to in­

complete transmission of the pulse stroke through the diaphragm. 

Prior to this investigation, isolation chamber diaphragms were 

merely cut to the diameter of the chamber flanges, and bolted into place. 

This resulted in stretching of the diaphragm during the pulse stroke in 

addition to tearing around the flange bolts, all of which resulted in 

rapid failure of the diaphragm, especially at high values of pulse ampli­

tude. 

During the course of this investigation, it was necessary to replace 

a broken isolation chamber diaphragmo Instead of installing the new 

diaphragm as described above, enough diaĵ hragm material was cut and 

J • • ̂  5 
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preformed to allow the diaphragm to move a total distance, in the cham­

ber, slightly greater than that of the maximum pulse stroke to be used. 

This procedure resulted in less stretching and tearing of the diaphragm, 

and greatly increased diaphragm life, 

9.k5 Pulse Column. 

9,i;5l Description. A scale drawing of the pulse column is shown 

in Figure 7. The column consists of a precision-bore tube of chemical-

grade (No, 7720) "Pyrex", 1,92-inches in inside diameter and l8-inches 

in length. Eight perforated plates of 20 gage stainless steel were held 

together on a l/U-inch stainless steel center tie rod the same length 

as the column, the plate spacing being maintained by 2,00-inch sections 

of 3/8-inch outside diameter stainless steel tubing slipped over the 

central tie rod. By tightening nuts on the tie rod ends, the plates and 

spacers could readily be squeezed enough to cause the plate assembly to 

bind against the column wall with a force sufficient to withstand the 

pulsing action. 

The precision-bore section of the column tube was 1,917-inches in 

internal diameter, thus giving 2,886-square inches of cross-sectional 

area. After subtracting the cross-sectional area of the 0,377-inch 

diameter spacers, which was 0„112-inches, the superficial cross-section­

al area was 2.77l4-square inches, or 0,01926-square feet. 

Attached to each end of the column were 2 x 3-inch Corning "Double 

Tough" Pyrex pipe reducers, which served as settling zones and to which 

the feed and exit lines were attached, as shown in Figure 7, Five 1/8-

inch "Ameripol" (a solvent-resistant synthetic rubber) gaskets were 

used to all glass-to-glass, or glass-to-metal connections of the column 
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installation. These gaskets had been exposed for several years to the 

action of benzene and water, and therefore were thought to be thorough­

ly leached of all extractable substances. 

The top of the column was designed such that the benzene overflow 

was vented tc a glass condenser. Thus any benzene vapors, coming from 

the hot benzene discharge, would be condensed and returned to the ben­

zene overflow before leaving the column. This is shown in Figure 6. 

9,U52 Plate design. The plates used in the pulse column were 

made of 20 gage stainless steel, perforated with l/8-inch holes in a 60-

degree triangular patterns, providing 21;,6 percent free area. Figure 

8 shows a plate in detail. 

Four of the eight plates used were commercially punched, and four 

were drilled. The first plate, starting from the bottom of the column, 

was drilled, and plates 2 through 8 alternated between punched and 

drilled plates. All punched plates were positioned with the round edge 

upward. The characteristics of the perforated plates are given in 

Table 3, 

Table 3, Details of perforated plates 

Plate diameter 1,912-inches 

Plate thickness 0,0317tOo00122-inches 

Hole diameter 0„127+OoOl63-inches 

Hole spacing 0,2[il4+0.0789-inches 

Percent free space 2Uo6 

Diameter/spacing ratio 0,521 

Plate gage 21„8 U. S, Std, (interpolated) 

b J*i 



73 

Figure 8. P:],ate detail 

S'« 
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9.1i6 Insulation. 

9.ii6l Column Insulation. The prlclslon-bore tube of the pulse 

column and the two "Pyrex" reducers located at each end of the tube 

were all Insulated with six pieces of "styrofoam" plastic Insulation. 

The six pieces of Insulation were cut such that they formed three match­

ing pairs which enclosed the column with a layer of styrofoara between 

3 and 5 Inches thick, averaging about U Inches. Each pair was mounted 

around the column by two bolts holding them together, and pranged In 

such a way that the central section, around the preclslon-bore tube, 

could be removed readily without Interferrlng with other parts of thp 

Insulation. The top and bottom support plates of the column, Inclî liqg 

the pulse Isolation chamber, were more easily Insulated with 3 to tt 

layers of 1-lnch thick "Ultralite". 

9.U62 Other Insulation. As was previously mentioned, bqth the 

benzene and water constant temperature baths were Insulated vlth a 1-

Inch thick layer of "Ultralite" Insulation, In addition, both the ben­

zene and water stainless steel feed storage tanks were similarly in­

sulated with a 1-lnch layer of "Ultralite". 

All piping, feed and discharge lines, and connecting tubing were 

Insulated with "Protekto-Flex" pipe Insulation. This insulation con­

sisted of a 1-lnch glass-fiber liner with an Integral plastic jacket. 

Irregular joints were covered with conventional fiber-glass inaterial, 

tapped with a polyvinyl chloride tape. 

For a more detailed description of the column Instilation, and prop­

erties of the various insulating materials used, refer to Li (25). 

: 90 
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9.hi Temperature Measuring Devices. 

9.U71 General Description and Locations, When the pulse column 

was modified for heat transfer studies, four thermopiles were installed 

to measure the inlet and outlet temperature of both the benzene and 

water phases. Thermopiles were located in the two feed stream inlet 

nozzles, water discharge line, and in the benzene coalescing section 

above the benzene-water interface at the top of the column, as shown In 

Figure ?, In addition, a sensitive mercury-in-glass thermometer was 

located in the benzene feed line about one foot from the column. This 

thermometer was so located as to enable a correction to be made in the 

heat balances for heat transfer to the benzene via conduction through 

the benzene inlet nozzle. 

Another thermometer was hung within a yard of the column, and was 

used to record room temperature. Thus fluctuations in room temperature 

could be noted and related to heat losses from the column, 

9,1;72 Thermopile Assembly, For sensitive temperature measurements, 

an iron-constantan thermopile with four terminals was constructed. The 

four terminals were made from thermocouple-grade. No, 30 B, and S. Gauge 

enameled wire, and inserted in l/8-inch outside diameter stainless steel 

tubes selected as the thermowells. The thermopile terminals were welded 

together with an electric arc, and to the other terminals, each junction 

was coated with "Glyptal" and covered with a plastic film of "̂ Iy•lar", 

In addition, to further insure against short circuiting, and to avoid 

airfilm heat transfer resistances, the thermowells were partly filled 

with a molten heat resistant plastic, known as "Westcoat Clear", which 

upon cooling forms a tough, rubbery solid. 
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Constantan extension wires carried the thermopile circuit through 

a selector switch to a Leeds and Northrup, type K, precision portable 

potentiometer. The selector switch was a rotary, totally-enclosed, low-

contact resistance switch made especially for use with thermocouple and 

thermopiles. It was a two-pole, twelve-position, type 31-3-0-2 switch, 

manufactured by Leeds and Northrup. 

The cold junction for the thermopiles was an ice bath made with 

distilled water, and kept in a Dewar flask, which in turn was kept in a 

larger Dewar flask. The potentiometer and selector switch were both 

kept at room temperature. 

9,14.73 Thermowells, As was mentioned above, the thermowells for 

the four thermopil terminals were made from l/8-inch outside diameter 

stainless steel tubing, with a l/6i4.-inch wall thickness. Ends of the 

thermowells containing the terminals were closed by soldering with silver-

solder. 

The water-inlet thermowell tip was located at the discharge slots 

in the water inlet nozzle. The benzene inlet thermowell tip, however, 

was located only l/ii-inch inside the column to minimize the magnitude 

of corrections necessary due to heat transfer from the continuous phase 

to benzene in the inlet nozzle. The thermowell used in measuring benzene 

discharge temperatures extended down from the top of the column 1-inch, 

reaching to about 1,5-inches above the benzene-water interface. The 

bottom thermowell, used in measuring water discharge temperatures, ex­

tended about 2-inches into the column, along the axis of the exit 

water line. 
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9»h7h Feed Line and Room Thermometers. As was mentioned previous­

ly, meroury-in-glass thermometers were used to measure room temperature, 

and benzene ten\peratures in the benzene feed line, about one foot from 

the column. 

Room temperatures were measured using a conventional 2 to 52^0 

thermometer, graduated in 0.2°C increments for 100 mm immersion. Ben­

zene ten^eraturea in the feed line were measured with a -2 to 50^C 

thermometer, graduated in O.l^C increments for total immersion, and 

manufactured by The Brooklyn Thermometer Conpany. By using a magnifying 

slide, temperatures could be estimated to O.Ol^C on this thermometer. 

9»klS Ten̂ jerature Probe. The temperature probe, for determination 

of temperature profiles within the column was constructed by installing 

an Iron-constantan thermocouple in a stainless steel thermowell. The 

wire used was thermocouple grade. No, 30, B„ and S, gauge enameled wire, 

the junctions being welded together with an electric arc. The measuring 

junction was soldered into a 3/32-inch outside diameter stainless steel 

tube, 26-inches in length, Constantan extension wires were used to 

connect the tenperature probe with the same selector switch and po­

tentiometer as was used for the thermopiles. A cold junction, consist­

ing of an ice-bath made with distilled water and kept in a Dewar flask, 

was again used for the reference junction. 

The temperature probe was installed in the column through the 8 x 

8 X 3/8 stainless steel bottom end plate by means of a "Koncentrick" 

Teflon packed packing gland. Perforated plates in the column were so 

arranged that all holes approximately l/ii-inch from the plate edges were 

in the same vertical line. In this way it was possible to locate the 
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packing gland such that the temperature probe could be moved up and 

down in column through these holes. The tenperature probe installation 

is shown schematically in Figxire 7, Holes 3/ij.-inch in diameter were 

cut in the styrofoam insulation around the column so the position of 

the probe could be visibly observed. 

9.5 Process Piping 

All lines used on the pulse column equipment were of type 316 

stainless steel tubing, with the tubing being joined with "Teflon"-

seated "Koncentrik" fittings of the same alloy. In addition, all valvesi 

and packing glands were made of 3l6 stainless steel, with "Teflon" pack­

ing. A few valves and other items, not in direct contact with either 

phase, were of brass or polyethylene. Except for five synthetic rubber 

gaskets (well extracted with benzene) in the pulse column, all liquid 

contact was with stainless steel, brass, glass. Teflon, polyethylene, 

and Kel-F. 

9.6 Safety Provisions 

Since benzene is both high flammable and toxic, much attention has 

been paid to the provisions of safety. In addition to the explosion-

proof boxes constructed for housing the constant-temperature bath con­

trols, and the vent and condenser on the hot benzene discharge line, the 

room containing the equipment was ventilated with two large explosion-

proof fans. One fan exhausted to the outside, while the other circu.-

lated air within the room. All pumps, wiring and fixtures were of 

explosion-proof construction. Any equipment capable of sparking, such 

r Q I5<i 
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as some control switches, were installed in a separate, isolated room. 

Also adequate warning signs and indoctrination of all personnel were 

employed. 



10,0 EXPERIMENTAL PROCEDURES 

10,1 Calibration of Instruments 

10.11 Thermopiles, Each of the four thermopiles was calibrated 

against a set of precision mercury-in-glass thermometers, themselves 

calibrated to 0.01°C, by the National Bureau of Standards, The cali­

bration was carried out in a Fisher "Isotemp Bath", a water bath main­

taining the temperature constant within less than 0,01°Co The 

thermometers were totally immersed. The thermopiles, in their respec­

tive thermowells, were immersed as far as possible, A wiring unit 

similar to that employed with the column installation was used. 

The calibration was carried out at approximately 5 C„ intervals 

from 20°C to 75°C, The calibrations are presented in Table h for each 

of the four thermopiles. To illustrate the results, the data were 

plotted in Appendix Figure 1, However, in actual use, the data were 

plotted on a larger scale plot to permit temperatures to be estimated 

to 0„01°C, For temperatures above 75°C„, the calibration curves were 

extrapolated linearly, 

10.12 Temperature Probe, The temperature probe was calibrated in 

the pulse column against the previously calibrated thermopiles, using 

only hot water in the column. The calibration data are presented in 

Table 5 from which the calibration curve, shown in Appendix Figure 2 

was obtained. 

<u; 
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10,13 Flow Measuring Devices, Although all rotameters and gage 

glasses had been previously calibrated for the pulse column apparatus, 

only one of the benzene gage glasses was actually used for any flow 

measurement. None of the rotameters were utilized because of the low 

flow rates employed in this investigation, and it was foxind more accu­

rate to determine water flow rates directly from the water discharge, 

rather than from any gage glass readings. This was due to the fact that 

changes in the water inlet flow rate were made to maintain the water-

benzene interface within the col̂ lmn at some given position. All benzene 

flow rates were determined using the 1-1/2 inch diameter gage glass, 

the calibration curve for which is given in Appendix Fig\ire 3, 

10,2 Measurements of Variables 

10,21 Flow Rates, 

10,211 Benzene, As mentioned above, a 1-1/2 inch diameter cal­

ibrated gage glass was used in the measurements of benzene flow rates. 

Use of a quick-acting three-way valve allowed prompt switching from the 

benzene storage tank to the gage glass, and vice versa. By noting the 

initial gage glass reading and the time required to reach a final 

reading, it was possible to calculate the volume of benzene pumped from 

the glass per unit time. All times observed in pumping from the gage 

glass were determined with a stopwatch. Initial and final benzene vol­

umes in the glass were obtained from the calibration curve shown in 

Appendix Figixre 3, For the range of pump settings used in this invest­

igation, a time lapse of approximately 60 seconds was allowed for pumpin 

from the gage glass„ 
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10,212 Water, V/ater flow rates in the column were determined by 

actually collecting and determining the mass of water discharged from 

the column in a given time. The discharge water was simply collected 

in a 800 ml, glass beaker over a period of approximately 1-1/2 minutes 

and weighed. By also noting the temperature of the water discharging 

into the beaker, it was possible to calculate the volumetric flow rates 

of water in the column. Again all times were determined with a stop­

watch. 

For both the benzene and water stream, it was found that the flow 

rates were reproducible within - 1 percent by use of the aforementioned 

methods of measurements. Unfortunately, flow rate drifts of - 10 per­

cent were sometimes observed over periods of several hours, due in some 

manner to the pump action at low speeds. However, flow rates were 

checked about every 30 minutes during the course of a run to keep the 

drift to a minimum, 

10,22 Rate of Pulsing, 

10.221 Pulse Frequency, The speed of the pulse pump motor was 

controlled by means of a precision variable resistance "Helipot", with 

the actual frequency of a pulse cycle determined by timing the number 

of cycles observed in about one minute. Such frequency measurements were 

foiuid to be reproducible to within i 0,1 cycles per minute. No drift 

of frequency rate was noted after a warm-up period of about one hour, 

10.222 Pulse Amplitued, Amplitude has been defined as the max­

imum fluid displacement in the column during a pulse cycle, under condi­

tions such that the travel of the liquid level stayed between plates. 

This, of course, was not true for 2 and 2-1/2 inch amplutides where one 

01̂  



plate was traversed. Pulse amplitudes were originally determined by 

use of a cathetometer under conditions of very low frequency rates. It 

was foiond that the overall reproducibility was about - 0.01 inches. 

AB5)litudes were set by use of a micro-adjustment arm and the following 

calibration data given in Table 6. 

Table 6. Pulse amplitude calibration data 

For a column 1.917 inches in diameter. 

Micro-adjustment arm Amplitude in column 
setting on pulse pump inches 

1/li + 0.0 0.20 

3/8 + 6.05 0.25 

3/8 + 13.0 0.30 

1/2 + 13.0 O.iiO 

5/8 + 13.0 0.50 

7/8 + 13.5 0.63 

1-1/8 + 1,0 0.75 

1-1/2 + 5.0 1.00 

2-1/ii + 8.0 1,50 

3 + 7,0 2.00 

3-7/8 + 1.0 2.50 
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10,23 Temperature. 

10.231 Thermopile. Temperatures of the inlet and outlet streams 

of both the benzene and water phases were determined by means of therm­

opiles. Readings were obtained by introducing the proper thermopile 

into the potentiometer circuit by means of the selector switch, and read­

ing the resulting e.m.f. of the thermopile. Temperatures could then be 

readily obtained from calibration curves for the thermopiles. Thermal 

e.m.f.'s were measured using a Leeds and Northrup Precision Portable, 

type K, potentiometer, on which values of e,m,f, could be estimated to 

within 0.001 millivolts, 

10.232 Temperature Probe, Temperature profiles within the column 

were determined by means of a temperature probe in a manner exactly a-

nalogous to that employed with the thermopiles. It was found that once 

the probe was located in a desired position, only a few seconds were re­

quired for the measuring junction of the thermocouple in the probe to 

reach a form of dynamic thermal equilibrium with the surrounding liquid. 

Actually, the temperature probe measured an average fluid temperature 

due to the fact that the surrounding liquid temperature was continually 

increasing and decreasing because of the pulsation within the col-umn. 

However, once a form of dynamic or average thermal equilibrium was 

reached, thermal e,m„f,'s were again estimated to 0,001 millivolts on 

the potemtioraeter, 

10.233 Thermometers, In addition to the thermopile and temperature 

probe readings, room temperature and the temperature of benzene in the 

feed line about one foot from the column were also recorded. This 

1 'i i n * 
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was done by simply reading these temperatures directly from the mercury-

in-glass thermometers, 

10,3 Operating Procedure 

10.31 Start-up. Initially all valves were closed, except for by­

pass around the pumps, and all electrical switches open. All heaters 

in the constant temperature baths were turned on at full power until the 

baths reached the desired constant temperatures. This usually required 

one to two hours, depending on the temperatiires on the baths. It was 

found that the bath temperatures had to be 1 to 10°C, higher than a given 

inlet stream temperature due to heat losses in the feed lines. The exact 

magnitude of this temperature difference was dependent upon the operating 

temperatiire of the bath, and the feed stream flow rate. 

Once the water phase constant temperature bath had reached temper­

ature, the by-pass valves around the water pumps were closed, and water 

started through the column. The bath controls were then set to maintain 

a given constant temperature, A flow rate equivalent to a superficial 

velocity of approximately 20 ft/sec was used. Once through discharge 

water form previous runs was used during start-ups in order to conserve 

the freshly distilled water for the actual run. 

At the end of a two hour period^ the pulse amplitude was set and 

the pump side of the isolation chamber filled with water, from a rela­

tively high water head as described in Section 9oiiU3o The pulse pump 

was then set into operation at the desired frequency, and fresh distilled 

water started into the column from the stainless steel storage dr\im at 

the desired flow rate. By-pass valves around the benzene pump were 
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closed, and benzene started into the column at the proper flow rate. 

The benzene constant-tengjerature bath controls were then set to maintain 

a given constant temperature. Since the flow rates of both streams were 

foiind not to be independent, it was necessary to make minor flow rate 

adjustments after both phases had been introduced into the column. 

Thirty minutes after the benzene stream had been started through 

the column, temperature readings were taken and flow rates checked. In 

addition, the pulse pump frequency was also checked. From this point 

on, temperat\ire measurements were made every 10 minutes, with pulse fre­

quency and flow rates being checked every 30 minutes. This procedure 

was followed until the last three readings for at least two of the thermo­

piles agreed within 0,01 millivolts, and the last two readings for all 

thermopiles agreed within 0.01 millivolts. When this agreement between 

readings for the individual thermopiles was obtained, the rxin was a-

ssxmed conplete, 

10,32 Change of Conditions. Since both temperatures and flow ratios 

of the benzene and water streams were s et during the start-up of a series 

of runs, the only variables that required major changes d\iring the heat 

transfer runs were pulse aii5)litude and/or frequency. Changes in pulse 

airplitude necessitated a brief shut-down of the pulse pump while the am­

plitude was changed and the isolation chamber filled with water on the 

pump side. Both phases were allowed to continue flowing into the column 

during such changes. Variations in pulse frequency were simply made by 

changes in the "Helipot" setting of the pulse pump, and checked by means 

of a stopwatch as previously described. 

i r a 
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Once the changes in pulse frequency and/or amplitude were made, 

30 minutes were allowed to pass before any temperature readings were 

taken. From this point on, temperature measurements were made very 

10 minutes, with pulse frequency and flow rates being checked every 30 

minutes, as was described above, until completion of the run, 

10.33 Shut-downs. At the completion of a run or series of runs, 

both water pumps and the benzene pump were shut-off, and by-pass valves 

around these pumps opened. All other valves were closed, and the p\ilse 

pump shut down. Finally, all heaters in the constant temperature tanks 

were shut off. 



11.0 ANALYSIS OF BEHAVIOR PATTERNS 

11,1 Heat of Pulsing in the Column 

11.11 Introduction. The pulsing action has the effect of Inqjartlng 

mechanical energy to liquid charged to the column. This mechanical en­

ergy degenerates Into )tieat energy as the fluid in the column is pulsed 

through the perforated plates, thus contributing to teraperature changes 

in the column liquid, and is known as the heat of pulsing. In addition, 

some mechanical energy is also degenerated into heat energy due to fric­

tion around the packing gland of the pulse pump, which affects liquid 

teraperatijres in the column If not properly controlled. 

It was, therefore, necessary to quantitatively evaluate the magni­

tude of this heat of pulsing before any interpretation of ths heat trans­

fer data could be made. Such an evaluation was made by Li (2^) in his 

preliminary heat transfer studies on the pulse column. 

Ii:i2 Results of Li. 

11,121 Interpretation of LI, In principle, the heat of pulsing 

is simply measured by filling the well-insulated column with the fluid 

to be pulsed, and then pulsing at some desired rate. Care must be 

taken, however, to ensure that the pulse pump packing gland is loose 

enough so that resulting heat effects can only come from the degeneration 

of mechanical energy as the fluid is pulsed through the plates, and not 

result from friction at the pump packing gland. As the heat of pulsing 

develops, the temperature of the batch of liquid rises, and is measured. 

Li determined heats of pulsing by introducing weighed amotints of 

benzene or water into the column at temperatures close to those of the 
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column materials and surroundings. After waiting 15 minutes to ensure 

thermal equilibrium between the column liquid and its surroundings, an 

average pulsing rate denoted by the symbol (| a, was imposed on the 

column. The pulse pump packing gland was loosened to eliminate heat 

effects at this source. The 11 a term is merely the average flow rate, 

in feet per hour, of a pulse, considering both the up and down pulse. 

For the case of no superficial velocity difference in the column, /| a 

has been shown by Pike (35) to be simply expressed as, 

TTa - 10 FA (82) 

where the number 10 includes a factor for conversion of units, and 

/1 a = average flow rate, or the volume of liquid pulsed past a 
plate during a stroke, divided by the product of the column 
cross-sectional area and actual time of flow in that 
direction, ft/hr, 

F and A are the same as previously defined, (See Section 7,122) 

Li's results showed that temperatures at the top and bottom of the 

column increased linearly as a function of time for the first 30 to 60 

minutes of pulsing and then began to increase in a non-linear fashion 

with decreasing rates of temperature rise. This decrease in the rate 

of temperature rise as a function of time was attributed to increased 

heat-transfer through the column glass-and-metal parts. However, when 

the temperature of the surroundings was about the same as inside the 

column, only a constant rate of temperature rise was noted. This led to 

the conclusion that only t̂rle initial constant rate of temperature rise 

was a measure of the heat of pulsing. 
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Li also foiind that the initial rate of temperature rise, and the 

average, was 1$ percent higher at the bottom of the column than at the 

top. This behavior has led to the conclusion that frictional losses, 

hence heat generation, was higher in the pulse line than in the column 

proper. However, by averaging the two initial rates of temperature rise, 

Li calculated heats of pulsing by the following expression: 

qpB - Eg (dT/dO)B x 1,8 (83) 

where 

qpg • heat of pulsing for batch system in 8-plate column, Btu/hr. 

Eg » heat equivalent of batch of liquid and of solids in immediate 
contact with the liquid, Btu/°F„ 

(dT/d9)g » average of two initial rates of temperature rise, 
measured at the top and bottom of the column, °C/hr. 

When the column was filled with benzene to the level actually used 

under operating conditions, lidi pounds of benzene were contained in the 

coliimn, and Eg had a value of h<^92 Btu/°F„ Similarly, when the column 

was filled to the operating level with water, 5cO pounds of water were 

contained in the column, and Eg had the value 8„12 Btu/°F„ 

Using qpg as defined above, Li was able to show a relation with a 

as follows: 

qpg = 1„02 X 10"^ T\a.^°^^ (8U) 

It is well to note here that Li used the symbol qp for the batch 

system heat of pulsing, qpg^ defined by equation (8U),, 
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11.122 Predicted values from pressure-drop data. Pike, et al, 

(37) Studied the pressure-drop through the pulse coliunn as a function 

of a, and developed the following correlation for 22-plates in the 

column, 

A P - 3.31 X 10"^ ITa^-^^ (8^) 

where 

A P = pressure-drop across 22 plates, expressed as inches of fluid 
flowing (water). 

From the above pressure-drop relationship, Li was able to derive 

an expression predicting what is here called the heat of pulsing for a 

flow system in the column, with 8 plates, denoted by the symbol, qpp, 

and defined as 

qpF = 0.155 X 10"^ /T»^-^3 (86) 

where 

qpp. = heat of pulsing for flow system in 8-plate column, Btu/hr. 

Li made no distinction between the heats of pulsing actually 

measured for a batch system, qpg^ and those predicted from pressure drop 

data for a flow system, qpp. Thus when Li made a simple couparison of 

equations (8ij.) and (86), he found that for the particular apparatus used 

in this investigation, and its adjustments, the measured heats of pulsing 

were about 6.5 times that predicted from pressure drop data. This dif­

ference was interpreted to mean that far more heat was generated in the 

pulse line than among the plates in the column. 

iC'i 
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11,13 Reinterpretation of Li's Data, Although Li's experimental 

method and the data obtained for the determination of heats of pulsing 

were assumed to be essentially correct, comparison of his experimental 

results with those predicted from pressure drop data was considered to 

be in error, as was indicated in the previous section, 

Li's heat of pulsing data were essentially for a batch system. His 

data were calculated from the initial rates of temperature rise of a 

given mass of material, resulting from the collective influence of many 

pulsations. 

The pressure drop data, however, represents the energy dissipated 

across a given number of plates during just one pulse cycle, and is not 

the total result of many pulsings. In other words, the pressure drop 

data may be thought of as energy degraded as fluid flows through the 

column as a result of one pulse cycle. Thus, heat of pulsing data pre­

dicted from pressure drop data may be considered to apply essentially 

to a flow system. Therefore, Li's data must be interpreted for a flow 

system before any comparison of tne two can be made. 

In reinterpreting Li's data for a flow system, the central point 

involved is that, for the batch system, the resident material in the 

column received heat at a constant rate, and rose in temperature indef­

initely. However, for the flow system, there was a finite residence 

time during which the material entered and left the system„ Only during 

this residence time was it exposed to the heat of palsing. In this esse 

the given rate of heat generation was continually expended into differ­

ent batches of the liquid as it flowed through the column. 

1 f [\ 
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Considering a fluid flowing through the column at some superficial 

velocity V, the time required for a given fluid element to pass from one 

end of the column to the other is given by the expression 

A S R - 2/V (87) 

where 

A s " resident time of fluid element in column, hr. 

Z • column length, ft, 

V •» superficial fluid velocity, ft/hr. 

Assuming the rate of heat generation expended to this fluid element due 

to pulsing in a flow system, to be equal that expended to a similar 

fluid element in a batch system, then the total amount of heat generated 

in the element, Qp, is given by the expression 

QF = q p B A % (88) 

where 

Qp = total amount of heat generated in fluid element passing 
through the column due to the heat of pulsing, Btu. 

It is reasonable to assume that the heat equivalent of the batch 

system. Eg, over an infinitesimal increment of time, is the same as the 

heat equivalent for the flow system, Ej_ for an infinitesimal increment 

of flow. Hence, in spite of the different temperature profiles within 

the column for the batch and flow system, it is assumed that 

E. = Eg (89) 

110 
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where 

EJ • heat equivalent for flow system of infinitesimal increment of 
flow, Btu/°F, 

Thus, Qp may be expressed as 

^F • E i A T p - EgATp - qpsA^R (90) 

where 

A ^ p " Increase in temperature of fluid element due to heat of 
pulsing, °C. 

However, from equation (83), we have that 

qpg - Eg (dT/d9)g X 1.8 (83) 

Therefore, equations (83) and (90) may be combined and rearranged 

to yield 

A T p = (dT/d0)BA% (91) 

Thus for any given value of the average rate of pulsing, /1 a, the 

heat of pulsing for a flow system, qpp, may then be determined by the 

following expressions for the heat imparted to a flowing system. 

qpp = VA ̂  C A T p ) X 1.8 = V/l ̂  C(dT/d9)g A^i^ x 1.8 (92) 

or combining with equation (8?) 

qpp = A ̂  G(dT/d9)g(Z) x 1,8 {93) 

where 

A = superficial column cross-sectional area, ft^. 
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P = fluid density, lbs/ft^. 

C - specific heat of fluid, Btu/(lb)(OF) 

and all other terms are the same as previously defined. 

Using equation (93) above and Li's data for the initial rates of 

temperature rise, heats of pulsing were calculated which wer6 Applicable 

to a flow system, and are shown as a function of ^a in Figure 9. Also 

shown on Figure 9 are values of the heat of pulsing predibted fSf'om pres­

sure drop data using equation (86), Excellent agreement between the ex-

perimenial and predicted results is now noted, with the experimental 

results being used in this investigation, and in the i'efealexilatioti of 

the heat transfer results of Li and Gardner, 

11.2 Heat Losses from the Column 

11.21 Introduction^ Although the column was well insulated, 

measured and calculated t*ates of heat transfer to the surroundittga 

tutrned out to be too large to neglect. Thus, heat losses through the 

column insulation were simply determined by passing hot water through 

the column, at a constant flow rate and inlet ten5)erature, and measuring 

the difference between the inlet and outlet ten5)eratures. 

11.22 Results of Li. 

11.221 Experitoental. Li {2^) ptraped water steadily at a super­

ficial velocity of about 20 ft/hr into the top of the column, and but 

the bottom. The water flow rate and direction matched that for the heat' 

transfer runs. Exdept for one run, the column was not pulsed. Results 

showed that a slow pulsing rate (jja " 1h3)> seemed to have no effect 
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11,23 Results of this Investigation, Preliminary to the major 

heat transfer studies of this investigation, heat losses from the column 

were again determined with water, using the same method of procedure 

and flow conditions employed by Li, However, in all heat loss runs, a 

period of three to five hours was allowed for the column to reach a 

state of thermal equilibrium. All runs were made starting with the col­

umn at room temperature. Results of these heat transfer studies are 

listed in Table 7i and are plotted on Figure 10 also. 

Table 7 <, Heat loss data 

Run 
No. 

126 

127 

128 

129 

130 

Water Flow Rate 

ft3/min, f t / ^ . 

0.00612 

0,00661i 

0,00690 

0,00682 

0,00677 

19.1 

20,7 

21,5 

21,3 

21,2 

inlet 
TC"! 

61io00 

53,60 

ho, 93 

35,11 

5ii,38 

Temperature Data, 

outlet room 
TCp Tp 

63,35 2li,0 

52,93 25,6 

UO,68 22,9 

3U,99 2Uo5 

53,96 22,8 

Diff. 
ATT. 

39o7 

27,7 

17,9 

10,6 

31.ii 

Heat 
Losses 

Btu/hr 

26,h 

29,6 

11,6 

S.S 

19,0 

An examination of Figure 10 now shows excellent agreement between 

values of heat losses predicted by equation {9h) and those observed in 

this investigation as compared to losses observed by Li, 

Although the exact reasons for the discrepancy between Li's data 

and those predicted by equation (9ii) are not clearly understood, it is 

felt that he did not always allow sufficient time for the column to 

reach a state of thermal equilibrium, A careful examination of his run 

data sheets revealed that in almost every run where his results were 
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lower than those predicted by equation (9U), a change from a higher to 

a lower value of inlet water temperature had been made. Thus, if only 

30 minutes were allowed for thermal equilibrium, it is felt that the 

column had not reached equilbriiua in this time, and observed values of 

heat losses would be low. This would be due to the fact that the sur­

roundings of water in the column would be at a higher temperature than 

under true equilbrium conditions, and measured heat losses would be 

reduced below equilibrium values. 

11,2U Conclusions. Li used his measured vaiiies of heat losses 

from this column rather than those predicted by equation '(Jl̂) in all of 

his calculations. This was due to the fact that his measurement of heat 

lofts wap made under the same operating conditions that were used dijring 

the actual heat transĴ er studies, and therefore were judged to be §uit-

ablfe for correcting htiat balance of the heat transfer runs. Howevê r, 

because pf the agreement between measured heat losses from the column 

obtained in this investigation, and those predicted by.egTiation i9k), 

results of this investigation were used in all calculations^ and in 

the recalculations Of Li's data. In addition, the heat losfi data of tttitf 

investigation were also used by Gardner in all of his heat transfer cal-

cuidtions. 

11.3 Heats of Solution 

11,31 Introduction, When two pure liquids are brought into con­

tact, both dissolve some of the other, no matter how insoluble they are 

considered to be. With each increment dissolved, there is a heat effect 

which can be large or small. Since such an effect could coî ceivably be 
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important in heat transfer studies in liquid-liquid contactors, it was 

felt that some quantitative evaluation was necessary of the heats of 

solution. 

11.32 Calculation of Li, Preliminary estimates indicated that it 

would be virtually impossible to measure heats of solution in a static 

calorimeter for the system benzene-water, because of the time required 

for equilibrium to be reached without stirring. If stirring was employ­

ed to enhance equilibrium, heat effects due to the stirring would be 

greater than those of solution. It was also concluded that the heats 

of solution could not be measured with insulated pulse column, consid­

ering it to be a flow calorimeter, because of the precision with which 

the heat effects must be determined. It was, therefore, decided to 

calculate the heat of solution effects from known solubility data, 

thermodynamic relations, and estimates of the degree of saturation ob­

tained. 

Assuming water entering the pulse column at 30°C with no benzene 

content, and leaving at 50°C saturated, Li was able to show that the 

heat effect would be 1,6 Btu/hr across the water phase for a flow rate 

of 0,0055 ft^/min. Similarly, for benzene entering the column at 30°C 

with 5 percent of its sat\xration content, and leaving at 9$ percent sat­

urated at 50°C, Li showed that the heat effect would be 12,6 Btu/hr 

added to the benzene phase for a benzene flow rate of 0,006 Ft^min, 

Application of the above heats of solution in the calculations of this 

investigation is discussed in detail in Section ll„52i4.. 
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11. li Heats of Evaporation 

11,Ul Evidence for Evaporation, During the course of his prelim­

inary heat transfer studies on the pulse column used in this investiga­

tion, Li detected the odor of benzene in the room containing the 

equipment. The unit was operated at atmospheric pressure. It was 

concluded that this odor resulted, primarily, from the evaporation of 

benzene within the column, with the benzene vapors escaping into the 

room through the benzene discharge vent at the top of the column. The 

pulsing action also pulses air back and forth in the vent system. For 

this reason, the benzene overflow vent was equipped with a glasB con­

denser, as described in Section 9,U5l, and vented to th« outside. Thus, 

any benzene vapors, coming from a hot benzene discharge, would be eon-

densed and returned to the bensene overflow, excepting for that portion 

which is displaced in a mixture with air by the pulsing action. 

Although neither Id. nor Gardner reported any signs of benzene con­

densation in the glass condenser, both indicated to Pike (37) that they 

thought a small amount of bensene evaporation was taking place and re­

ducing the indicated values for the rate of heat transfer, when aeasured 

on the benzene side. This presence of evaporation was somenrhat subatan-

tiated by the fact that Li (25) and Gardner (13) reported average per­

cent deviations in their heat balance (disoussed in Section 11.51)3f 6.6 

and 12.5 percent respectively, the benzene phase values being low. 

During the course of this investigation, however, condensation of 

benzene vapors in the glass condenser was observed, especially at oper­

ating conditions of high benzene outlet teaperatureS, and low VJJ/VQ 

' • ' X --S. v' 
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ratios. In addition, bubbles of benzene vapor were actually seen within 

the column under these extreme operating conditions mentioned above. 

As a result of this benzene evaporation the column, the average percent 

deviation in the heat balances of this investigation was 15.0 percent, 

with percent deviations as high as 70 percent being noted at operating 

conditions of high benzene outlet temperatures, low VTJ/VQ ratios, and 

high rates of pulsing. Thus, it was felt that some procedure or method 

of calculation should be developed for an approximate quantitative 

evaluation of the heat effects associated with the evaporation of benzene, 

both within the major contacting area of the column, and at the benzene 

discharge vent. Such a method of calculation is described below in 

Section ll.li2. 

II.I4.2 Development of Heat of Evaporation Relation. 

11.1|21 Assumptions. It was believed that a certain portion of 

the discrepancies noted between the net rates of heat transfer between 

phases, uncorrected for heats of evaporation, /\q^, (defined in Section 

11.51) was directly related to the heat of evaporation of benzene in 

the column. The remaining portion of the heat balance discrepancy was 

attributed to certain random errors inherent in the operation of the 

column. One source for such random errors are end-effects, and will be 

discussed in some detail in Section 11,63. 

After some deliberation, it was decided that heat losses within 

the column, resulting from the evaporation of benzene, should be de­

pendent upon three major operating variables. These variables were the 

pulse frequency-amplitude product, FAj the sum of the benzene and water 
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vapor pressures measxired at the outlet benzene temperaturej and the 

VJJ/VQ ratio. 

The sum of the benzene and water vapor pressures were used as a 

measure of the total vapor pressure of the system since the benzene and 

water are essentially immiscible. Thus, it was considered more correct 

to use the sum of the vapor pressure, rather than that of the benzene 

alone, evaluated at the outlet benzene temperature. Although the V^/VQ 

ratio was assxiraed to have little effect upon the evaporation of benzene 

in the benzene discharge vent, it was considered to be an important 

factor in the evaporation of benzene within the column proper. Finally, 

it was believed that the FA product should in some way effect the evap­

oration of benzene both within the column proper, and in the benzene 

discharge vent, due to pulse agitation, 

ll,Ii22 Correlation of Variables. It was assumed that the heat of 

evaporation of benzene in the column was represented by an equation of 

the form, 

qe = k(FA)"' (XP/lOO)« ( V ^ Q ) ^ (̂ 5) 

where 

qg = heat of evaporation losses from the column, Btu/hr, 

"5.P = summation of benzene and water vapor pressures evaluated at 
the benzene outlet temperature, mm Hg, 

FA = pulse frequency-amplitude product, in/min, 

VJJ/VQ = ratio of superficial velocities, dimensionless. 

and 

k, m, n, and p are experimentally determined constants. 
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A value of the constant, m, was determined by plotting values of 

log ̂ q * versus log FA for constant values of outlet benzene temperatures, 

and a Vyj/7- ratio of one. Data of Li, Gardner, and of this investiga­

tion were used. Although the pattern obtained was not precise, due to 

random heat effects, a linear dependence of ̂ q̂"*̂  upon FA was clearly 

evident, and reasonably approximated by m • 0.533. This was especially 

true for the runs in which the benzene temperatxires were high, and the 

heat of evaporation effect was relatively large in comparison to the 

random effects. 

The next step in the correlation was to plot log ̂ q /(FA)^'^-'-' 

versus log feP/lOO) for a V-Q/VQ ratio of one. Again a linear behavior 

pattern was noted, with the slope yielding a value of the exponent, n, 

of 2.6Ii. The data of Li, Gardner, and of this investigation were again 

used in the correlation. 

Although the values of /\qV(FA) ''^•^'' scattered over a wide range, 

five logarithmic averages of these values were used, and showed a very-

definite dependence upon (^/lOO), as shown in Figure 11. 

Since the low values of ̂q""" are inherently much less precise than 

the higher values, more weight was given to the higher average values 

of ̂ q*/(-^-^) in drawing the above curve. 

Similarly, the exponent of the (V-Q/VQ) ratio, p, was determined by 

plotting the log (VJ/VQ) versus log ̂ q*/tlPAOO)^°^^(FA)°''^^^, Only 

the data of this investigation at the higher temperat\u"e levels were 

used in this particular correlation. Because of the wide scatter of val­

ues of ̂ q'"', an arithmetic average of values of/\q*/(FA)°°^^^(^P/lOO)^''^ 

were used, which yield linear relationship as shown in Figure 12, 

JL <;. <y 
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Figure 12 clearly shows the dependence of /\qV(FA)'^''533(^p/ioo)2'6U 

upon the Vĵ /̂Vc ratio, and is reasonably approximated by a value of 

-0.333 for the exponent, p„ 

It was arbitrarily assumed that the sum of the random errors in­

herent in^^q* must be zero for all heat transfer runs used in the deter­

mination of the above exponents. Thus, under such an assumption, the 

sum of all the/\q"^s must be equal to the sum of all the heat of evap­

oration effect, or 

lA^'"" =2:^e = k(FA)°-^^^(lP/lOO)2'6l4(v^/V^)-0.333 (96) 

Using equation (96) above, a value k was determined from the ex­

perimental data used in the evaluation of the above exponents with the 

exception of Gardner's datao This value of k was found to be O.OBlIi. 

Thus, heat losses due to evaporation in the pulse column used in this 

investigation, using benzene dispersed in water as the system, may be 

quantitatively evaluated from the expression 

qg = O.O81U (FA)°°^^3 (EP/lOO)^"^^ (Vc/7(.)"°°^^^ (97) 

lloii3 Conclusion, An examination of equation (97) indicates that 

the correlation predicts large values of heats of evaporation at oper­

ating conditions of high benzene outlet temperatures, and low VJ-)/VQ 

ratios.. Such high predictions, however, are in agreement with experi­

mental observations, since under the operation conditions mentioned above, 

benzene condensation in the glass condenser and benzene vapor bubbles 

in end column were observed. Similarly, under operating conditions where 
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or combining equations (100) and (lOl), 

In practice, it has been found that the measures of q. and q are 

not, in general, equal. Therefore, an average measure of heat transfer 

between phases has been defined as follows: 

% '(% *<lcV2 (lOU) 

where 

q̂ ^ " average net rate of heat transfer between phases, Btu/hr. 

Also, as a measure of discrepancies in the heat balances, the per­

cent deviation from q has been defined as, 
a 

% deviation - /yi/% ^ 100 (105) 

where 

It might be well to mention here that both Li and Gardner made no 

correction in their heat balances for heat losses in the column due to 

evaporation, q^. Although the continuous-water phase heat balance is 

not effected by q^, and is calculated by means of equation (97), the 

net rate of heat transfer to the discontinuous phase is definitely af­

fected by q^. However, Li and Gardner neglected this effect in their 
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calculations, and determined the net rate of heat transfer to the dis­

continuous phase by an equation of the form, 

qj - % - % (106) 

where 

q? = net rate of heat transfer to the discontinuous phase, un­
corrected for heats of evaporation, Btu/hr. 

Similar to equations (lOU) and (105) above, Li and Gardner defined 

an average measure of heat transfer between phases by an equation of the 

form, 

q* =(% + ^0^2 (107) 

and the percent deviation from q" by the expression, 
a. 

% deviation = ̂ q'Vqa ^ 100 (108) 

where 

As was previously mentioned in section 11„1;21, values of /\q"^, 

defined by equation (109) above, were determined from the results of 

this investigation for the development of a correlation for the pre­

diction of heat losses from in column due to benzene evaporation. 

For the sake of clarification^ it might be well to mention here 

that Li used the symbol q for both q, and qZ as defined above, and Gardner 

used the symbol q for both q and q^. In addition, Li and Gardner both 

used the symbols q and/\q for q„ and A ^ " ^̂  defined above. 
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q^ was correct, a careftil examination of his method of calculation for 

qg revealed it to be in error, due to the fact that an average benzene 

solubility was used over the above tenperature range rather than terminal 

sol-ubilities. 

Assuming benzene entering the column at 30°C saturated with water, 

heats of solution for water in benzene were calculated for the benzene 

leaving 9^ percent satxirated and at temperatures of UO, 50, 60, and 

70°C, The data on solubility of water in benzene was taken from Pavia 

(33). For these respective outlet temperatures, the heats of solution 

were found to be 3, 7, 12, and 19 Btu/hr respectively. Using these 

above four values of the heats of solution, it was possible to satisfact*-

orily estimate values of qg to be used in the recalculation of Li and 

Gardner's data, and in the calculations of this investigation. 

11.525 Heat Transferred to Benzene as it Passes Through the Feed 

Distributor, q . Values of heat transferred to the benzene stream ;in 

the feed nozzle are calculated by an equation similar to eqijatipn (112) 

above, 

^* ' 'D P D % (%2 - T*i)(6Q)(1.8) (117) 

All terras are as previously defined. In this particular case, values 

of density and specific heat are evaluated at a new average phase tera-

perature, Tjj , defined as, 

Ŝa -^2 ̂  V ^ (1^8) 

11.526 Heats of Pxilsing, qpp. Li (25) at first arbitrarily assumed 

that roughly 75 percent of the heat of pxilsing was generated in the 
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continuous water phase, while the rest was assumed generated inside the 

benzene droplets. However, since his interpretation of the heat of 

pulsing data, q^g, led to relatively small values of the heat of pulsing, 

it was convenient, and caused no appreciable error, for him to assign 

all the heat of pulsing to the continuous phase. 

Similarly, in this investigation all the heat of pulsing, inter­

preted for a flow system, qp-p, was assigned to the continuous phase, as 

can be seen from Figure 13, and the heat balance around the coliimn. 

However, an examination of Figure 9 shows that the applicable heat of 

pulsing for a flow system, q„„, determined from a reinterpretation of 
rr 

Li's data, are just about nil for the range of ||a values used in this 

investigation. Hence, they were assumed to be zero, 

11,527 Net Rate of Heat Transfer between Phases, QL and q . Values 

of the net rate of heat transfer between the continuous and discontinuous 

phases, q and q, , were calculated from equations (100) and (lOl) of 

section 11,51 respectively, with the percent deviation in heat balances 

being determined by use of equation (105), In addition, the net rate 

of heat transfer to the discontinuous phases, uncorrected for heats of 

evaporation, q*, was calculated using equation (I06), with the uncorrect­

ed percent deviation in heat balances being determined by use of equa­

tion (108)„ When the direction of heat transfer was reversed, the net 

rate of heat transfer from the discontinuous phase was determined using 

equation (ill), and the net rate of heat transfer to the continuous phase 

calculated from equation (110), All other heat effect were determined 

as previously describedo 
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11,528 Heats of Evaporation, q „ Heats of evaporation were cal-
e 

culated from equation (97) in the calculations of this investigation, 

and in the recalculation of Li and Gardner's data, 

11,6 Methods of Calculation 

11.61 Method of Li and Gardner, In section 7,3, equations nec­

essary for the calculation of variables defining heat transfer in liquid-

liquid contactors were presented. It will be remembered, that under 

contitions where the temperature difference between the two phases is 

linear throughout the col^Imn, as a fxmction of the net rate of heat trans­

fer between phases, use of the In-mean temperature driving force, as 

defined by equation (36), was justified. It will also be remembered 

that the terminal conditions of temperature differences, defined by e-

qxiations (37) and (38), whould be those associated with the mechanisms 

involved in the transfer of heat between phases only in the defined 

column height,Z » 

Li and Gardner, however, used in their calculations the actual meas­

ured terminal temperatures which were influenced by end-effects at both 

the top and bottom of the column, and were not associated only with the 

defined column height, Z, Thus, assuming use of the In-mean temperature 

driving force to be valid, Li and Gardner calculated temperature driving 

forces by the relation. 

. _ (̂ 01 " "̂ Dl̂  ~ (̂ G2 " ̂ 02^ 

(T - T ) - (T " T ) 
^02 D2^ ^^Cl ^Dl^ ,^^^. 

' :•; G 
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In addition, any calculations of heat transfer variables which in­

volved the net rate of heat transfer between phases, values of q were 

used. 

11.62 Revised Methods of Calculations. The method of calculation 

employed in this investigation, and in the recalculation of Li and 

Gardner's data, was essentially the same as that employed by Li and 

Gardner with one exception. Values of q , rather than q , were used in 

the calculation of heat transfer variables which involved the net rate 

of heat transfer between phases. Related to this method of calculation, 

percent deviations in the heat balances were, by necessity, determined 

•J4- A "̂ ^ 

using values of qĝ  and /\q, rather than values of q and A l ^^ employed 

by Li and Gardner. Ln-mean temperature driving forces were again used 

in the calculations, and were determined as described in the previous 

section by means of equation (119). 

11.63 Discussion of Revised Methods of Calculation. As was men­

tioned in Section 11,61, the terminal conditions of temperature differ­

ences used in the calculation of ln-mean temperature driving forces, 

should only be those associated with the mechanisms involved in the trans­

fer of heat between phases in the defined column height, Z, However, 

in all the calculations, both in this investigation and in the calcula­

tions of Li and Gardner, actual measured terminal temperatures were used 

in the determination of ln-mean temperature differences. As was in­

dicated in Section 11.6I these actual measured terminal temperatures are 

somewhat different from those associated with the defined column height 

Z, because of end-effects„ 
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In Section 7oii, a brief discussion of end-effects in liqji id-liquid 

contactors for mass transfer was given„ Similar end-effects, however, 

were also noted in the heat transfer studies of this investigation. It 

is believed that these end-effects came from four major sources, heat 

transfer across the benzene-water interface at top of the column, heat 

transfer to or from the feed streams in the feed distributors, and heat 

generation within the pulse line to the column resulting from friction 

around the pulse pump packing gland. 

It is obvious that a certain amount of heat is going to transfer 

across the benzene-water interface, regardless of the direction of heat 

transfer between phase» This is due to the fact that always some finite 

temperature driving force will always exist between phases at this loca­

tion. Thus, since the benzene outlet thermopile is actually located in 

the benzene phase above the interface, its readings will reflect the net 

consequence of all these diverse effects. As a result, the benzene out­

let temperatures indicated by this thermopile are different from the 

ones desired, associated only with the heat transfer in the defined col-

xmn height, Z. 

As mentioned in Section 9o32, past experience had shown that the 

inlet benzene temperature was definitely influenced by the outlet water 

temperature. This was due to heat transfer to or from benzene in the 

benzene feed nozzle. As described in Section 9.32, an attempt was made 

to reduce this heat transfer, in both the benzene and water feed dis­

tributors, by providing an air space around the nozzles„ However, actual 

measurements of benzene feed temperatoire in the feed line, about one 

foot from the column, and in the benzene nozzle, made in this investigation. 
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indicated that heat transfer was still occurring in the distributor. 

In addition, results of this investigation also showed that the raeasvired 

outlet water temperature was influenced by this heat transfer in the 

benzene nozzle. Under operating conditions of high V^VV^ ratio (3o87 -

3o99), and relatively high temperature levels, it was found for heat 

transfer from the continuous to the discontinuous phase, that the meas­

ured outlet water temperature was actually lower than the measured ben­

zene inlet temperature in the feed distributor. (See runs 193 and I96 

of this investigation.) It was quite evident that the measured outlet 

temperatures of the continuous water phase were influenced by the heat 

transfer through the benzene inlet nozzle and vertical positioning of 

the thermopile. Thus, just as for the benzene case, the water outlet 

temperatures indicated by the water outlet thermopile were different 

from those associated only with heat transfer in the defined column 

height, Z. 

A similar end-effect was noted at the top of the column when the 

direction of heat transfer was from the discontinuous benzene phase to 

the continuous water phase. At a low ̂ rj/Vp ratio of 0.37, it was found 

that the actual measured benzene outlet temperature was lower than the 

measured water inlet teiî Derature (see run 200 of this investigation). 

Again, this effect is attributed to heat transfer through the water in­

let nozzle and the vertical positioning of the thermopile, and it def­

initely affected the measured benzene and water temperatures at the top 

of the column. 

Although the exact nature of this heat transfer to or from the feed 

distributors is not clearly understood, it is believed that most of it 

.̂  .315 
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results from metal conduction as discussed in Section 9.32. However, 

no matter what the nature of mechanism of this heat transfer might be, 

it is clearly evident that it is present, and definitely affects the 

actual measured terminal temperatures. The important question is the 

magnitude of the errors thereby introduced. 

An attempt was made to correct the measured outlet water ten^erature 

for the heat transferred to the benzene in this benzene feed distrib­

utor, q*, for runs 193 and 196. Values of a corrected water outlet tem­

perature, TQ2> were calculated by determining the change in the water 

outlet temperature, /\Tn> resulting only from the transfer of heat, q*, 

in the benzene nozzle. Values of /\T., were determined using the re­

lation 

where 

^ o 
Tpp = corrected water outlet temperatin-e, C. 

All other terms are as previously defined. Since T-- is known, equa-
C2 

tion (121) above may be rearranged to give T* as, 

TC2 - A^t ^ "̂ 02 ^122) 

Values of TQO were only determined for runs 195 and 19it. Calcu­

lations would have been impossible were it not for the data from these 

two runs. This method of calculation was only used to determine an 

i^0 



125 

approximate order of magnitude of the heat transfer variables, and re­

sults obtained really have little significance since none of the runs 

were treated by the above method. 

It might have been possible to partially correct all of the other 

heat transfer results for end-effects in the bottom of the pulse column 

by the above procedure. However, this was not done due to the fact that 

uncorrected end-effects still would have existed at the top of the 

column. It was, therefore, concluded that at this time, calculated re­

sults should inherently include the total effect of the end-effects, 

rather than just a portion. It is believed that the presence of end-

effects for heat transfer in liquid-liquid contactors should be the sub­

ject of a separate investigation. 

As was mentioned above, another heat effect at the bottom of the 

column tending to influence water outlet temperatures was that of heat 

generation in the pulse line due to packing gland friction aroxind the 

pulse pump. It was found at high pulsing rates, JYî  = 800 to 1200 

ft/hr, that the outlet water temperature was raised due to this heat 

generation. However, because of the flow conditions used in the column, 

this heat generation did not effect any of the other column temperatures. 

This may be clearly seen from some of the data recorded during the course 

of a run in which this heat effect was observed, as shown in Table 9. 

ri 
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Table 9. Thermopile readings for run lU3 

|7J3 - 800 Vjj/Vj, - 2,85 

Thermopiles °C 

Time ii:10 pm 1̂ 525 pm hOS pm UsUS pm U:55 pm 5:05 pm 

No. 1 ii5.68 ii5.5i I45.51 1̂ 5.51 li5.5l h5.59 

No. 2 38.03 37.89 37.89 38.13 38,18 38.30 

No. 3 3I088 31oii7 31.ii7 31.ii7 31oi47 31.1+7 

No. h 51.00 50.79 50.79 50.71+ 50.69 50 .71 

The thermopi le l o c a t i o n s a re i d e n t i f i e d i n Table 10 . 

Table 10. I d e n t i f i c a t i o n of thermopi les 

Thermopile 

No. 1 

No. 2 

No. 3 

No. k 

No, Stream Involved 

Benzene outlet, T-p, 

Water outlet, Tp-

Benzene inlet, T-̂p 

Water inlet, Tp-, 

An examination of Table 9 shows tha t a l l the column temperatures had 

essen t i a l ly reached s teady-s ta te values of ii:35 pm, although the water 

ou t le t temperature continued to r i s e . This effect , however, could be and 

was controlled by carefully control l ing the pressure on packing gland on 

the pulse pump. When a heat effect was observed, the packing gland was 

loosened. 



12.0 EXPERIMENTAL PROGRAMS AND RESULTS 

12,1 Summary of Heat Transfer Measurements 

The number of heat transfer runs made in this investigation, and 

the number of heat transfer runs recalculated from the data of Li and 

Gardner total 117. In this total number of runs, V-^/VQ ratios were 

varied from 0.35 to almost U.OO, while /1 j-, values ranged from 50 to 1200 

ft/hr. Values of the In-mean ten̂ serature difference, ̂ T-, , were varied 

from 1.2ii to 13.72 °C. 

In addition, several runs were made to determine the effect of tem­

perature level upon the heat transfer performance of the column, as well 

as to determine the validity of using a In-mean temperatiore difference 

in the heat transfer calculations. Runs were also made to determine the 

effect of the total flow rate, expressed as (V-Q + V Q ) , ft/hr, upon the 

performance of the pulse coliunn. 

In most of the above runs, the direction of heat transfer was from 

the continuous to the discontinuous phase. However, runs with heat being 

transferred from the discontinuous benzene phase to the continuous water 

phase were made in order to study the effects of reversed direction of 

heat transfer. 

All heat transfer measurements, both experimental and calculated, 

for this investigation and for the heat transfer studies of Li and 

Gardner, are presented in Appendix Tables 1, 2, and 3 respectively. In 

addition, each table of the appendix has been subdivided into sections, 

designated by the following letters after the table number, with table 

designation such as lA, IB, etc. 
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Section Letter Title of Section 

A Measured Flow Conditions 

B Calculated Flow Conditions 

C Measured Temperature Conditions 

D Calculated Temperature Conditions 

E Rates of Heat Transfer 

F Calculated Heat Transfer Responses 

All data in Appendix Tables 1, 2, and 3 are arranged in order of 

increasing Vj-j/Vp ratio, or TTj, values, or difference between inlet stream 

and temperatures, /\T., where AT- is defined as. 

In addition, each section has been subsectioned into groups of runs 

in which one or more of the above variables are held constant, and are 

set apart with values of the constant variable or variables being indi­

cated at the top of the group. Also, run numbers used by Gardner follow 

consecutively those of Li, and run numbers of this investigation follow 

consecutively those used by Gardner. Thus, there are no identical run 

number listed in Appendix Tables 1, 2, or 3, 

It might be well to mention again at this point that part of Li 

and Gardner's data have been recalculated using the revised method of 

calculation described in Section 11.62. 

12.2 Precision of Heat Balances 

It is quite obvious that one measure of the reliability of any re­

sults obtained from heat transfer studies on the pulse column is that 
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of the agreement between heat balances, and the percent deviation from 

q , as described in Section 11.51. As was mentioned in Section 11.1+3* 
a 

average absolute values of the percent deviations in the heat balances 

of 3.8, 12.1 and 8,2 percent were obtained for Li and Gardner, and in 

this investigation respectively, employing the revised method of calcula­

tion described in Section 11.62. In addition, when the sign of the per­

cent deviation (plus or minus) was taken into account, net average 

percentage deviations of -1.8 + 8.6, and -0,1+̂  were obtained for Li and 

Gardner, and in this investigation, respectively, employing the revised 

method of calculation. 

From the above, it was concluded that the heat balances, and there­

fore the desired heat transfer measures of this investigation and those 

recalculated from Li's data, were reliable to well within 10^, In the 

following correlations, more "weight" was allocated to the results of 

this investigations than to the recalculated results of Gardner. How­

ever, it should be noted here that the result of Gardner are good con­

sidering the nature of the heat transfer problem involved, but not as 

consistent as those of Li and of this investigation. 

12.3 Reproducibility of a Run 

In order to determine the reproducibility of precision of the e-

quipment, and to check the column performance from time to time with a 

run for which the results wore known, a standard run was defined. The 

standard run was characterized by the following operating conditions, 

J7D = 150 ft/hr 
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Tgg - 31 °C 

i\j 51 °c 'Cl 

^ T ^ ^ 18.1+ °C 

Five such runs were made during the course of this investigation, 

and designated by run niimbers 131, 132, 133 > ll+lj and 168 of Table 11. 

Runs 131 through 133 were made at the very outset of this heat trans­

fer study to determine the reproducibility of the apparatus. Run ll+l 

was made at the completion of a series of runs in which the operating 

conditions were different than those for a standard run, and approxi­

mately one-fourth the way through all the runs of this investigation. 

This was done to detect any obvious mal-functioning of the apparatus 

since the results of this ruxi could be readily compared to those obtained 

from runs 131 through 133, Similarly, run I68 was made under operating 

conditions defining a standard run, approximately one-half the way 

through all the runs of this study. 

Results of the five standard runs are summarized below in Table 11, 

Table 11. Summary of heat transfer results for standard runs 

Run No 

131 

132 

133 

11+1 

168 

0 

Averages 

A q , Btu/hr 

- 1; 

+ 78 

+ 5 

+ 11+ 

+ 8 

+ 20.2 

% Dev. 

~ 1.1+ 

+ 2ii.6 

1.8 

1+.9 

2.8 

6.5 

HOU, 
oc H9U od 

0„732 

0.860 

0.760 

0.875 

0.857 

0.817 

0.309 

0.1+00 

0.312 

0.359 

0.323 

0.31+1 

> 14) 
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An examination of Table 11 show that, on the average, results of 

the standard runs are reproducible within 10^, with this precision being 

assumed for the results of this investigation throughout the entire 

period of time. 

12.1+ Axial Temperature Probe 

12.1+1 Introduction. As was previously mentioned in Section 9.33* 

stainless steel teir̂ erature probe was installed in the column in an 

atteiupt to obtain information on the behavior of temperature driving 

forces within the column. In particular, it was hoped that exploration 

of temperature profiles in the column would yield valuable information 

concerning the validity of the use of In-mean temperature difference 

driving forces in the heat transfer calculations. It was also hoped 

that the investigation of ten5)erature profiles In the column would re­

veal some Information concerning temperature end-effects at each end of 

the column. 

12,1+2 Technique Employed. As described in Section 9.1+75* the per­

forated plates In the column were so arranged that a selected group of 

holes, all of those approximately l/l+-lnch from the plate edges, were 

In the same vertical line. The extension of this line to the bottom end 

plate located the entry port, in which was placed a "Knocentrick" Teflon-

packed packing gland of an adjustable nature such that the temperature 

probe could be moved up or down in the column through the packing gland 

and the selected plate holes. Holes 3/l+-lnch in diameter were cut in 

the column insulation at each plate so that the terminal position of the 
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probe with respect to a plate could be visibly observed by temporary 

removal of hole-plugs. 

12,1+21 Limitations. Because of the mechanical design of the column, 

and because of the position in which it was installed (bottom of the 

column close to the floor), it was impossible to move the ten̂ ierature 

probe more than an inch or so above the top plate in the column. It was 

also impossible to move the temperature probe to a position below the 

bottom plate since the bottom-end of the probe would hit the floor. 

Also, if the measuring junction of the probe passed below the bottom 

plate in the column, it would spring into a position such that it would 

no longer be in line with the holes in the perforated plates. Thus, it 

would become impossible to pass the temperature probe back through the 

column without completely disassemblying the column, 

12,14.22 Probe Positions in the Column, Temperature readings were 

taken at essentially three positions near each plate in the column by 

means of the temperature probe. These positions were approximately 1/8-

inch above each plate, l/8-inch below each plate, (except for the last 

plate at the bottom of the column), and at a position approximately half 

way between the plates. The plates in the column have been numbered one 

through eight consecutively, with the top plate in the column being des­

ignated as plate one. In addition, the three positions at which tem-

peratiire was observed for each plate have been designated as positions 

A, B, and C, respectively, and are shown in Figure ll+« 

12„ii23 Flow Conditions Employed. Temperature measurements at the 

positions indicated above were only made for runs in which a high VJVVQ 

ratio (approximately 3,0) was employed. In so planning, it was felt that 
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Tfcmpc r a t u r e 
iTobe 

Figure li^. Pos i t i ons of temperatare-nieasui'cjment prooe 
with I,,,di.L3^ t o p l a t e s . 

t he maxim'tun amount of i i i fonuv ir _; uuncornin^ tcnperatar-5 p r o f i l e s w i th ­

i n the column could be ob1ai.''iO-i aoat r tb-^sc ^ondat i ;ns„ based on the two 

fol lowing r e a s o n s . F i r s t , foi* a gi?eii t o t a l flow r a t e through the colomn 

(Vjj + '^Q)) high valuo'S of ^he ^''r/'i'ci r ' . t i i s ga^e the niaKimuiri amrunt of 

hold-up under a p l a t e f o r a given r a t o of p i l s i n t ' . Th'^s i t was thought 

p o s s i b l e t c ge t a more accuj."ate rr^-aimg of the d i s c n tmuous phase tem­

p e r a t u r e as measured a t Pc- i i t ion B oiiic? the qi n t i t y of benaene m 

con tac t w i th the measuring j i in ' . t ion of the pT'ln was r e l a t i v e l y largeo 

Second^ i t was be l iovud thv^t the; iriaxii! TI cinou.it cf i n t e r n a l c i r c u l a t i o n 

w i th in the continuous phase would occur between p l a t e s under opera t ing 

/-<! 

http://cinou.it
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conditions of high V_/V ratio. Thus, continuous phase tenperature pro­

files, when determined at high V_/V_ ratios, would tend to vary the aost 

from the counter-current profiles in favor of a mixer-settler pattern. 

Thus, high V /V ratios would tend to test more severely the mathemati­

cal model employed, 

12,1+3 Results. 

12,1+31 Presentation of Results. Determination of teinperature pro­

files within the column were made for runs 11+7, li+5, 135, 11+2, li+3> and 

II4O of this investigation, at Jj'jj values of 80, l50, 300, 6OO, 8OO, and 

1200 ft/hr, respectively. An average benzene inlet temperature of ap­

proximately 31°C was eriployed jKith an average water inlet temperature 

of approximately 50°C„ The Vjj/Vg ratio was approxiawitely 3,0 for all 

runs, Besults obtained from measurements made with the teiqperat\ire probe 

are presented in Table 12, 

12,1+32 Interpretation of Measur^Aents. It should be enphasised 

here that the readings obtained are time averages over a pulse cycle, 

and reflect the interaction of the true tenperature fluctuations and the 

time lag of the probe. This point has been discussed previously in Sec­

tion 10.232. 

TeB5)erature measurements made at position A were simply interpreted 

as a measure of the continuous phase tei^erature prior to contacting the 

discontinuous phase across the plate. Similarly, teaiperature measurements 

at position C were interpreted siiiqply as a measure of the discontinuous 

phase temperature midway between the plates. 

Interpretation of probe measurements at position B, howevfr, vary 

depending upon the operating conditions eBg)loyed in the column. Consider 

.;'̂ .i l.^O 



Table 12, Temperature probe readings 

135 

R u n 
N o . 

11+7 

11+5 

135 

11+2 

11+3 

ll+O 

Probe 
Position 

A 
B 
C 

A 
C 

A 
C 

A 
C 

A 
C 

A 
C 

Probe Temperatures, °C 

Plate No. 
5 _J± L , 6 

1+5.65 i+i+,55 1+2,85 1+0.95 39.30 37.65 36.35 31+.65 
1+5.35 i+l+.05 1+2.15 1+0.55 38.65 37.25 3i+.70 
1+1+.55 i+2,85 1+0,95 39.30 37,80 36.1+5 3l+,70 

1+5.65 1+3.1+5 1+1.70 1+0,35 38,1+5 36.85 35.60 31+.25 
i+3.65 1+1.90 1+0,35 38,55 37.15 35.60 31+.25 

35.15 1+3.55 1+0,05 i+l.lO 39,6o 38,5o 37,55 36,05 
1+3,70 i+2.55 1+1,20 39o80 39.00 37,90 36,30 

hh»5S 1+3.55 1+2.35 1+1,05 39.50 38.25 37.15 36.15 
i;3,60 i+2.70 i+lo20 39,90 38,55 37,55 36.80 

l+5oi+0 1+1+.50 1+3.50 1+2.05 1+0.80 39,60 38.65 37,80 
i+l+o95 1+3,95 1+2.65 1+1,15 1+0.30 39.15 38,00 

l+l+o35 1+3,65 1+2,85 1+1,90 1+0.95 39.90 38.90 37.90 
1+3,85 1+3.15 1+2.25 1+1.35 i+0.20 39,25 38,25 

a situation in which the column is operating under some steady-state 

conditions. If the pulse pump were momentarily stopped^ dispersed ben­

zene would coalesce under each plate in the column, and measurements at 

position B would essentially indicate temperatures of the coalesced ben­

zene. It should be noted, however^ that such indicated temperatures 

would vary somewhat with respect to time^ due to heat transfer across 

the benzene-water interface. Now assume that the pulse pump is started 

at a very low frequency. During the first part of the upward stroke. 



136 

the coalesced benzene beneath the plates would be redispersed and flow 

upwards towards the nest plate. During this period, temperatures in­

dicated would increase due to contact of the probe with the hotter con­

tinuous phase. However, as soon as benzene again begins to coalesce 

beneath the plate, indicated temperature at position B would decrease, 

and remain essentially constant until the downward stroke of the pulse 

is begun. At this time, temperature indicated at position B would in­

crease a^Stn due to hot continuous phase being pulled throiigh the plates 

even though benzene is still coalesced beneath the plates. This be­

havior may be illustrated as shown in Figure 15. 

From Figure 15, it can be seen that at very low pulsing rates 

measurements at position B could be timed to indicate temperatures of 

the coalesced benzene phase under the plate at the end of the up-stroke 

and at the beginning of the downstroke for a given pulse cycle. A ben­

zene flow pattern similar to that indicated above actually has been 

observed in photographs taken by Gardner at Tu. = 150 ft/hr and a V^/V^ 

ratio of 2.93. However, as the rate of pulsing increases, it is obvious 

that this period of time over which the coalesced discontinuous phase 

temperatures could be measured, 9̂  decreases as shown in Figure l6. 

In addition. Figure 16 also indicated that at the higher rates of 

pulsing the time average temperature indicated at position B also in­

creases, and therefore reads higher above the temperature of the benzene. 

A temperature behavior pattern similar to that described above is 

clearly indicated in Figure 17. It will be noted that the continuous 

water phase temperature profiles, shown on Figure 17^ have been displaced 

upward by 1.5s 2.0, 3,0, 3.0, and l+o5°C for T\Q values of 150, 300, 600, 
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Figure 15. Assumed behavior of probe at position B 

800, and 1200 ft/hr, respectively, for the sake of clarity. However, 

the curves for j j ^ = 80 and /Jp = l50 ft/hr show definite regions of 

essentially constant temperatureo For these two particular curves, it 

will be noted that from position G to A, the continuous phase tempera­

ture is essentially constant. Thus, it is reasonable to assume that 

the dispersed benzene phase has coalesced beneath the plates. Under such 

condition the, temperatures indicated at position B by the probe will 

be an approximate measure of the coalesced discontinuous phase tempera­

tures beneath the plates. In addition^, it will be noted that the average 

phase temperature increases as the rate of pulsing^ 77-p̂  also increases. 
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Figure l6. Ass-omed behavior of probe at position B 

12.1i33 Interpretation of Profiles. Temperature profiles of the 

continuous water phase, consisting of only A and C position measurements, 

are shown in Figure 17 for all six 11 -Q values used in this investiagtion. 

As was mentioned above in Section 12„ii32, five of these profiles have 

been displaced by a finite number of degrees for the sake of clarity in 

determining overall behavior patterns. 

It will be noted that temperatirres between positions C and A have 

been represented by solid lines. This was due to the fact that temper­

atures in the region are interpreted as more nearly reading the time 

continuous phase temperature and hence having more meaning. In contrast, 

temperature variations between positions A and C are not known definitely. 
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and therefore have been estimated by the dotted lines. In both Figures 

17 and l8, temperatures outside the defined column height, Z, have been 

estimated with dotted lines. 

An examination of Figure 17 indicates that at low rates of pulsing^ 

TTrj • 150 ft/hr or below, most of the heat transfer between phases takes 

place from about position A to position C below or across the plates. 

This was indicated by the fact that the temperature profiles of the con­

tinuous phase are essentially constant from positions C to A below as 

previously discussed. Thus at the lower rates of pulsing, it was felt 

that the pulse column behaved as a mixer-settler, with the plates and 

spaces between plates acting as the mixing and settling regions respec­

tively. This interpretation is supported completely by the photographs 

taken by Gardner at jjx) * ̂ 50 ft/hr. However, as the rate of pulsing 

increase above JJ » 150 ft/hr, both phases become more mixed through­

out the entire column, with results that the continuous phase temperature 

profiles become more and more linear as the rate of pulsing increases 

as shown in Figure 17. 

As was mentioned above in Section 12„l+32, for 77jj value of 150 i't/hr 

or less, it is reasonable to assume that measurements at position B are 

a reasonable approximation of the discontinuous phase temperature. Em­

ploying this deduction for the lowest rate of pulsing used in this invest­

igation, T7„ = 80 ft/hr, temperature profiles for the continuous and 

discontinuous phases were constructed are shown in Figure 18. The 

continuous phase profile was drawn similar to those shown in Figure 17, 

The discontinuous phase temperature profile^ however, was represented 

by a dotted line completely since the entire profile had to be estimated 
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from temperature measurements at position B only. However, in esti­

mating the benzene phase temperatiire profile, use was made of the fact 

that in the region where the water phase profile was essentially con­

stant since there is relatively no heat transfer in this region. 

From the continuous phase temperature profile and the estimated dis­

continuous phase profile, shown on Figure 18, it was now possible to 

determine a fair measure of the temperature difference between phases, 

Tp - T|>, at any point on the defined column height Z, as a function of 

either T„ or T . For this particular run, values of T^ » Tj, as a func­

tion of T„ were determined at positions approximately half way between 

positions C to A, or about one-quarter the distance of a plate spacing 

above each plate. This particular position was selected primarily for 

the reason that both phase temperature profiles are essentially constant 

in this region, and are thereby probably more reliable. 

No doubt the estimated values of T-Q from the discontinuous temper­

ature profile, shown in Figure 18, are in error to some degree due to 

intermittent short contact of the temperature probe with the water phase 

as indicated in Section 12c 1+32. However, the true temperature differences 

between phases should be proportional to the indicated measured temper­

ature differences between phases. Thus, if a linear relationship between 

(TQ ~ Tĵ ) and T^ or T-̂  is obtained,, only the slope of such a relation­

ship will be altered by the above error. 

12.1+31+ Validity of In-mean Temperature Difference. In Section 

7.32, the usual conditions under which use of a In-mean temperature 

difference driving force was valid were given. These stated conditions, 

however represent a special case of the necessary and sufficient 
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conditions of steady-state operation, no heat effects other than heat 

transfer between phases, and (TQ - T-Q) being a linear function of T_ 

or Tjj. 

The first of these conditions is obviously n©t since all the temper 

ature profiles shown in Flî ures 1? and 18 were determined under steady-

state conditions as were all the other haat transfer runs. Although 

thtri were heat sffecti other than the net r&tg heat transfer betwetn 

phases, q, than wtri rglstlvily imtll in eompi8rl8on« Thus, th© leeohd 

condition above was essentially mets As was mentioned In Sections 

128i+33i values of (T„ » T_) as & function of Tg were determined from 

Figure 18, and are shown in Figure 19<> Value of (TQ - T_) as a function 

of T„ were presented rather than as a function of T^ since it was felt 

that values of Tp were more accurate than the estimated values of T^ for 

reasons discussed in Section 12„I;32, 

An examination of Figure 19 shows that, within the defined column 

height, Z, the plot of TQ versus T - T is essentially linear. Al­

though Figure 18 was determined for the lowest rate of pulsing employed 

in this investigation, 11 rj = 80 ft/hr, a linear relation between 

(TQ - Tp) and Tp would still be obtained at the higher rates of pulsing, 

since the conditions specified in Section 7.32 are still approximated, 

and Figure 17 indicates essentially a linear water phase temperature 

profile at the higher rates of pulsing. 

Thus, it may be concluded that use of In-mean temperature differ­

ence in heat transfer calculations is valid over the regions defined by 

the column height, Z, for all operating conditions enployed in this in­

vestigation. However, in this study the terminal temperature conditions 
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were influenced by end-effects, and use of the measured temperatures in 

calculation of In-mean temperature differences would result in some 

error, as described in Section 11.63, 

12.1+35 End-effects. Shown on Figure 18 are the approximate posi­

tions of temperature measui-ements for the benzene and water inlet and 

outlet streams, expressed in terras of the number of plates above or 

below the top or bottom plates in the column. Approximate position of 

the measured water phase inlet and outlet temperatures are shown in a 

similar manner on Figure 17. 

If there were no end-effects present at either end of the column, 

temperat'ores of both streams should remain essentially constant once 

they have passed through the region of defined column height, Z„ An 

examination of Figures 17 and 18 shows this to be essentially true at 

the bottom of the colxLmn, where estimated temperature profiles indicate 

only relatively small decreases in the continuous phase temperature and 

increases in the discontinuous phase temperature outside the column 

height, Z. Though perhaps small, end-effects are definitely present 

at the bottom of the column, with Figure 17 indicating an increase in 

bottom end-effects as the rate of pulsing, 77^, increases. 

Figures 17 and 18 indicate much larger heat transfer end-effects 

at the top of the column in the continuous phase stream, as compored to 

the bottom of the column. Figure 18 also indicates approximately the 

same order of magnitude of end-effects in the discontinuous phase at 

either end of the coliomn. However, such behavior would be expected in 

this situation because of the high V-^/VQ ratio, approximately 3 employed 

in run 11̂ 7, 
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Larger end-effects in the continuous phase would be expected at 

the top of the column, as compared to the bottom, because of the trans­

fer of heat across the benzene-water interface, and benzene evaporation 

at the top of the column, as described in Section 11,63. For the flow 

conditions employed in this investigation, tenrperature differences be­

tween phases at the top and Ijottomr of tiie column are approximately the 

same. Thus, the rate of heat transfer across the feed stream inlet 

nozzles should be approximately the same at each end of the column. How­

ever, since heat transfer in the benzene distributor is the major source 

of end-effects at the bottom of the column, and since Figure 18 indicates 

this effect to be relatively small, such an effect is therefore -assumed 

to be relatively small in the water phase distributor at the top of the 

column. Thus, the major souces of end-effects in the top of the column 

have been attributed to heat transfer across the benzene-water interface, 

and to benzene evaporation as mentioned above, 

12,5 Correlations of Major Heat Transfer Responses, 

12.51 Effect of V^/VQ Ratio and Rate of Pulsing. T\jyt upon Heat 

Transfer Responses. 

12.511 Introduction. As previously mentioned in Section 7.122, 

Pike, et al (35) ̂  in studying the floociing characteristics of the pulse 

column used in this investigation, found the major controlling variables 

to be a rate of pulsing /1 , and the ratio of superficial velocity, 

VjTVp. At that time it was felt that these variables would also be im­

portant in describing other responses of the pulse column, such as rates 

of heat and mass transfer, ajpd pressure drop. 

f C o 
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Although two different rates of pulsing have been defined in 

Section 7.122, TTTJ and T\p> past experience has shown, both in the mass 

transfer studies of Pike, et al (36), and the heat transfer studies of 

Iii (25), that the data correlated very well as a function of JJj)* For 

this reason, 11 j . was used rather than Ti*-, although numerically. Figure 

3 indicates very little difference between the two, other than that of 

sign, for the values of FA and flow conditions employed. Values of 11 j, 

were originally chosen by Pike, et al (36), for the reason that the rates 

of pulsing described by 77 were in the direction of flow of the dis­

persed benzene phase. 

12.512 Effect on HOU and HGU^j.. To determine the effect of the 

VJJ/VQ ratio and 77̂ . upon H0U _ and HGUQJJ, three series of runs were 

made at average V_7V ratios of O.38, 1.00, and 3.00. In all of these 

runs the total flow rate through the column, expressed as (Vjj + V Q ) , 

was held constant at approximately UO ft/hr. In addition, the benzene 

inlet temperature for all of these runs was approximately 32°C. How­

ever, each series of these runs consisted of sets of runs made at differ­

ent values of ̂ T . , defined by equation (123) in Section 12,1. In 

addition values of 77TJ were varied from 1̂ 0 to 1200 ft/hr in each set. 

Appropriate runs of Li were also used in the correlation for oper­

ating conditions similar to those employed in the three series of runs. 

None of Gardner's data was due to the fact that he only employed one 

value of (/|j3 • 150 ft/hr). However, for corresponding operating con­

ditions, an examination of Tables 13, Ik, and 15 indicate that his re­

sults agree very weXL witTi those ofTa and: of this investigation at 

yip - 150 ft/hr. 
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Results of the three series of runs, expressed in the terms of 

H0UQ« and HGUQJ^, are shown in Figures 20 and 21 for values H9U and 

HQUQJJ respectlvely« An anamination of Figures 20 and 21 clearly In­

dicate that both H9UQQ and H0U„p. are correlated by equations of the form, 

_ m-, 

i^%c " ̂ 1 (' ID) ^^2^^ 

and 

Figure 20 and 21 definately show that b, ̂  b2> m-]_, and m are variable 

coefficients and functions of the ^-n/^n ratio„ 

The relationship of m, and m as a function of ^jJ^n were determined 

by plotting the actual measured slopes, ra^ of Figures 20 and 21 against 

the V-n/Vp ratio as shown on Figure 22 o An examination of Figure 22 shows 

that both m-j and m^ are well correlated by the expression, 

m, 

m-L = m^ - b^ (V^G^ ^̂ ^̂ ^ 

where 

b - 0„117 

m^ = Oo762 

Similarly, the functional dependence of b, and b„ upon the V-n/Vp 

ratio was determined by plotting the actual measured intercepts^ b, of 

Figures 20 and 21 against Vj~,/V as shown in Figure 23„ An examination of 

Figure 23 also shows that b-̂  and bp ai'e correlated by the expressions. 

; i-r 
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1̂ " \ ^V^c) ^127) 

and 

where 

\ -

" 5 -
• \ = 

and 

mj- = 

0.U2 

0.165 

-1.580 

-0.580 

V7hen independently determined, these exponents were -1.576 and 

-O.58I0 Since later reasoning induced that these exponents should differ 

by exactly 1,00, a slight adjustment was made as indicated. 

At this stage, equations (I2I4.) and (125) above for correlating 

H9U and H0U^„ became the following; 

-1«58_ 0.117(Vj/Vp)0"762 

H0UQ(3 = 0,U2(Vj/V^) (llĵ ) (129) 

and 

-0,58_ 0.117(V^/V_)0"762 

HQUQJ^ = 0.165(v^/v^) ii\^) "̂  ^ (130) 

12,,513 Effect on Ua„ By using values of Ua obtained from the 

same r-uns employed in determining the effect of 77-̂  and V_/V on H9U 

and H9U„„, the effects of these variables upon Ua were determined by 

•- r (.,1 
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plotting Ua against ||TJ as shown in Figure 2lio An examination of Figure 

2k clearly shows that Ua may also be correlated by an equation of the 

form, 

Ua - b^ (/Ijj) ° (131) 

Again it is quite evident that both the coefficient b^, and the ex­

ponent m^, are also functions of the V /V ratio. The relationship be­

tween m/- and V^V was determined by plotting the actual measured slopes, 

m, of Fig\ire 2k against ̂ n/^p as shown in Figure 25. An examination of 

Figure 25 indicates that m.^ may be well correlated as a function of 

Vĵ /Vp by the relation, 

m^ = b^ - log (Vyv^)^ (132) 

where 

b^ = -O0O39 

m^ = 0.1i23 

Similarly, the relation between h^ and the ^-n/^p ratio may be deter­

mined by plotting the actual measured interceĵ ts, b, of Figure 2k against 

V„/V_ as shown in Figure 260 An examination of Figure 26 shows that b, 

may be correlated as a function of V-Q/VQ by the familar relation, 

mo 

6̂ = ̂8 V \ ^ 1̂̂ )̂ 

where 

bg = 1660 

and 

{} 
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mg - 1,376 

Hence equation (131) above for correlating Ua as a function of 11 _. 

and VTJ/VQ now becomes! 

1,376 -Oo039~Log(vyv„)°-^^^ 

Ua = 1660 (Vi)/Vc) (/TD^ (13ii) 

12,5lU Discussion of Gorrelations, Figures 20 and 21 and 2k show 

a slight, but definite effect of A T . , and therefore /\ T-. ^ upon H0U „, 

H0U and Ua respectivelyo However, these Figures indicated that this 

effect of is quite \miformly distributed over the range of TTT), values 

employed in this investigation, i„ec,, the A'̂ '-i influence is not more 

pronounced at one value of 77-p, than at another „ It was therefore felt 

that this effect would only shift the vertical positions of the curves 

shown in Figures 20, 21, and 2kt and not change the values of their 

slopeso Thus it was concluded that effect of ̂ T , upon H9U„p, H9U , 

and Ua would only appear in the coefficients bi , b^, and bn of equations 

(129), (130), and (I3U) respectively. The effect o f / \ T ^ upon these 

coefficients is quantitatively determined below in Section 12„52„ 

12,52 Effect of Ln-Mean Temperature Difference,AT-i^a upon Heat 

Transfer Responses, 

12,521 Introduction, As was mentioned above, Figures 20, 21, and 

2I1 imply a slight dependence of HOUQQ, H9U , and Ua upon the In-mean 

temperatiore difference AT-, o This agrees with the findings of Gardner 

(13), It was also concluded that this effect would appear in the co­

efficients b, , b^, and b^o Thus the effect of/S^T-j^^ upon H9UQQ, H^U 5 

file:///miformly


159 

and Ua, could siaply be determined by obtaining the relation between 

A T j ^ , and the coefficients bi , b^, and bg, 

12.522 Effect on HOU and HOU^j^. Equations (129) and (13O) above 

may be rearranged to give bi and b- expressed as, 

\ ' ' .̂z. (135) -1.58^ 0.117 (Vj/V_)0-762 

and 

HOUQD 

b ' — - T - (136) 
^ -o.58_ 0.117 (VDAC)°*^ 

( V D A C ) (/ID) 

By using the results obtained frok the three series of runs de­

scribed in Section 12.511, the effect of ̂ ^^T^ upon HOU „ and HOUQJ, was 

determined by plotting values of bi and b^, calculated from equations 

(135) and (136) above, against A ^ T ^ . ^^ shown in Figure 27. In addi­

tion a few appropriate runs of Gardner were en̂ jloyed to obtain values 

of bj^ and b^ at low values of A^im* 

An examination of Figure 27 indicates that bi and bj^ may be cor­

related as a function of A^jj, by the expressions, 

and 

5̂ - bio (A-^jJ^^ (138) 

where by setting the slopes equal, 

ra^ - m^Q - 0.133 

and 
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b j - 0,3li 

bio " °'13 

Thus, H9UQQ and H9U„ may now be correlated by the re l a t ion , 

-1 ,58_0 ,117(V /Vp)°''7^2 Q̂ -L33 
H9UQC - 0.3U(Vj3/Vc) iji^) ^ ( A T I I „ ) (139) 

- 0 , 5 8 _ 0 . 1 1 7 ( v y v )°-'7^2 Q^;L33 

H9UQJ3 - 0.13(Vp/V2) {j\^) ^ ^ ( A T X J (lliO) 

12.523 Effect on Ua. Equation (I3U) above may also be rearranged 

to express bo as follows: 

Ua , , , 
b = — (il;i) 

° 1 ,376_ -0„039-Log(V /V„)0-^23 

(V^c) (lb) 

By again employing the results obtained from the same runs that were 

used in the correlations of Section 12,521, the effect of /\T-. on Ua 

may be determined by plotting values of bn, calculated from equation 

(lUl), against /\T-. as shown in Figure 28o An examination of Figure 

28 indicates that bg may be correlated as a function of A'^lm ̂ ^ ^^^ 

expression, 

m-,-, 
bg = b^^ (ATi^) (1U2) 

where 

b^^ 2260 

m̂ 3_ = -0,133 

The choice of m-ĵ-, was slightly arbitrary in its rela^ ionship with 

mn and m-]_Q, Hence, Ua may now be correlated by the relation. 
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1.376_ -0.039-Log(Vn/Vn)0»^23 .Ool33 
Ua - 2260(7^7^) ( / |p) (AT-L^) (11I3) 

12,53 Effect of Total Flow Rate, Vp + Vg^ Upon Heat Transfer 

Responses, 

12.531 Introduction, Up until this point, all of the preceding 

correlations have been determined from experimental results obtained 

under opera-ting conditions at essentially constant (V-p + VQ)„ Such 

runs include all of the three series of the investigation mentioned in 

Section 12,512, all runs of Li, and portion of Gardner runs which were 

made at VjVV-, ratio of approximately unity» For all of these r-uns, 

(V-Q + VQ) was about kO ft/hr„ Now it is generally known that spray col­

umns, for instance, increased in contact efficiency as flow rate con­

ditions approached flooding. This is understandable, since hold-up and 

interfacial area increase as flooding is approached. By analogy, one 

might assume that pulse column HTU values would decrease as the sum of 

the flow rates (Vj, + VQ) increases, at constant ^-Q/^Q ratio. In fact, 

however, it has been observed both by Griffith, Jasny and Tupper (l6) 

and by Thornton {k9,^0), that for pulse column mass transfer, the HTU 

values increase with (V-̂  + V Q ) , and hence the net rate of mass transfer 

decreases. The situation invites an exploration of the effect of 

(V„ •*• Vp) on heat transfer in pulse column. 

Employing a proceedure similar to that used in Section 12o52, the 

effect of (Vjj + VQ) upon HOU , HOÛ -̂p,, and Ua was determined by obtaining 

the relation between (V-Q + V ) and the coefficients, bg, b-,_, and b-,, 

of equations (139), (lliO), and (lli3) respectively. 
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12,532 Effect on HOUQQ and HOU^j^. Special runs 197, 198, 199 of 

this investigation, with {Y^ + VQ) of 26.0, 39.9, and 90,7 ft/hr re­

spectively, were made specifically to measure the effect of (V̂ . + Vp) 

upon HOU^Q, HQU , and Ua, Some other runs from the series of runs in 

which VJJ/VQ was approximately 0,38 and A T ^ approximately 18°C, were also 

usable and employed. In addition, all results of Gardner for a ̂ r/Vp 

ratio greater than unity were included to provide values of (V-p + VQ ) 

greater than UO ft/hr. 

Equations (139) and (lliO) above may be rearranged to express bg and 

^ 1 0 ^^ 

HQUQQ 

b = ^—-—^ — (Ikk) 
_i ĉ fi A m v A y v Q ; -1,58 _ 0,117 (vyv„)°°762 0,133 

(V^c) ^'ID) (ATI^) 

and 

bio T T T ; (1145) 
- o . 5 8 _ o , i i 7 ( v ^ / v „ ) 0 " ^ ^ ^ 0,133 

(V,/VQ) (11^) ( A T ^ , ) 

The functional dependence of bn and b, upon (V_ + V ) was deter­

mined by plotting values of bg and b , calculated from the above equa­

tions, against (V„ + V Q ) as shown in Figure 29, An examination of Figure 

29 shows that bn and b may be correlated with Vj-j •+• V by the relations, 

m 

^9 = ̂ 12 ^̂ D "" \ ) (1^^) 

and 

^10=^13 (^D^\)"^^ (1̂ 7) 

-̂0 
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Where by setting the slopes equal, as they apparently are, 

m-,2 - m.- - -0,262 

and 

bg - 1.00 

b-L3 - 0,36 

Thus HOUQQ and H9U _ may now be correlated by the expressions, 

-1,58 -0„262_ 0,117(V^/Vp)°°^^^ 
H9UQQ - 1,00(VI5/VQ) (VJ5 + VQ) (/Î )̂ ^ ^ 

0,133 
(ATJJ (li|8) 

and 

-0,58 -0,262_0,117(V /V )°°^^^ 
H9U^^ = 0,36 (V^/V^) (V^/V^) (,|j3) 

0,133 

(AV (1^9) 

12,533 Effect on Ua, Equation (II4.3) above may also be rearranged 

to express b-,-, as: 

Ua 
b = — — (150) 

1»376_ -0,039-Log(V„/V„)^°'^^^ -0,133 

(V\) (/ID) (ATI„) 

By again using the results of the runs mentioned above, the relation be­

tween b and (V-Q + VQ) was determined by plotting values of b̂ -̂ĵ , calcula­

ted by equation (l50), against (V + V ) as shown in Figure 30, An 

examination of Figure 30 indicates that b-,, may be correlated by the 

y^i 
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expression, 

where 

b ^ - 8.9 

m Iii 1.376 

It should be noted here that the measured slop was actually l.t;2. How­

ever, it was adjusted slightly in order that m-̂, would arbitrarily agree 

with mn of Section 12.513. 

Thus Ua may now be correlated by the relation, 

1.376 1,376_ -0,039-Log(V /VQ)°-^^^ 
Ua = (VJ/VQ) (V^ + VQ) (/IJJ) 

-0.133 
(ATI^) (152) 

I2.53U Discussion of Correlations, An examination of Figure 29 

and 30 shows perhaps more random scatter for Gardner's data in compar­

ison to the data of this investigation. Therefore, somewhat more 

"weight" was allocated to the data of this investigation than to those 

of Gardner in drawing the lines in Figures 29 and 30. 

12.^k Effect of Temperature Level upon Heat Transfer Responses. 

I2.5I4.I Introduction, Gardner (13), in study the effect of A T 
Im 

on the heat transfer responses of the column, actually had his results 

clouded somewhat due to the effect of temperature Tevel. This resulted 

from the fact that for a given set operating conditions, 77^ and ^T/^Q 

. '• 3 



168 
10000 

8000 . 

6000 

Uooo 

2000 

1000 

800 

600 

Uoo 

• 

• 

-

0 Data of Barlage 

0 Data of Gardner 

i "ii,-1.376 

bi^-8.9 

• 

-

• 

o 

/ 

7 

y 
/ 

Q 
6/ 

o§ 

10.0 20.0 

Vĵ yfc ^Vhr. 

liO.O 60.0 80.0 10.0 

Figure 30. Effect of total volumetric flow rate upon overall 
volumetric heat transfer coefficient 



169 

in particular, values of AT-. could only be varied by changing the 

water inlet tengserature, TQ,, since the benzene inlet temperature was 

essentially set constant at room temperature. Thus, the temperature 

level of the runs changed for different values of A T-,̂ , resulting in 

changes in the physical properties of each phase from run to run. 

In this investigation, it was decided provionsally that a suitable 

measuring teitiperature level would be that of kinematic viscosity, de­

fined as 

(153) r- f 
where 

''^- kinematic viscosity, centipoises/gm/cm.3 

\ - density, gms/cm^ 

y^m viscosity, centipoises 

Kinematic viscosity was selected as a measure of teii?)erature level 

for two main reasons. First, Thornton (50) in studying the effect of 

pulse wave form and plate geometry on the mass transfer performance and 

throughput of pulse column, used the kinematic viscosity of the contin­

uous phase in all of his mass transfer and flooding correlations. 

Second, it was felt that natural convection within the benzene drops 

played an iirportant role in the heat transfer performance of the colunjn. 

Under such conditions for geometrically similar systems, inertia, vis­

cous, and buoyant Torces Became iIÎ )or•tant, and are incorporated in the 

Grashof number, defined as. 



. 2 ^ ^'^^ 

L^P gcSAT 
Grashof number - Gr - (15I4.) 

where 

L - some characteristic length of system 

\ - fluid density 

gg » dimensional constant 

V - coefficient of volumetric expansion of fluid 

/\ T = temperature difference within system 

y ^ = viscosity of system 

Equation (l5U) may be rearranged as 

L^gJAT L̂ g 6 A T 

" ';^' -r^ 
Thus, it can be seen that kinematic viscosity becomes an important fac­

tor in systems involving natural convection. 

Actually, it has been found that heat transfer by natural convection 

is partially described by the product of the Grasof and the Prandtl 

numbers raised to some power, n, or 

(Gr)(Fr) "̂  = {L^g^QAl/y^){C^^/], ) ^ (l56) 

It might appear that in this case the ŷ  term of the Prandtl number 

might cancel out one of the viscosity terms of the Grashof number. This 

is hardly so, however, because the Prandtl number itself is substantially 

constant over the ranges of temperature involved. 

.: •• r> 
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In most natural convection cases, n = l/U, Therefore, for a given 

system of substantially constant geometry, it can be said that 

Gr - k' (AT/^2)n ^^^^ 

where 

n = 0.25. 

12.5U2 Effect on H9U ^ and H9U , Special runs 188 through 196 
UL* UD 

of this investigation were divided into three groups of three runs each, 

with each group run at a different temperature level. In all of these 

runs,A^i ^^^ controlled to approximately 10°C so that the physical 

properties of the benzene phase would only be averaged over a 10°C inter­

val at the maximum. Average benzene temperatures for the three temper­

ature levels employed were approximately 3k, k9, and 6l°C. Although 

nine runs were involved in studying the effect of temperature level, re­

sults of runs 193 and 196 were decided to be not reliable for reasons 

given in Section 11,63. 

The effect of "T^on H9U „, H9U__̂  and Ua was determined by obtain­

ing the effect of "^ on the coefficients b-.̂ ^ ̂ T^* ̂ '̂̂  ^i] °-^ equation 

(lli8), (1U9), and (152), respectively. 

Equations (II48) and (II49) above may be rearranged to express b-jo 

and b-,-3 as, 
HQU^p 

b = ^ , (158) 
-1,58 -0,262 0,117 (VQ/VQ)0°'^'^ 0,133 

( W (̂ D̂ ĉ) ((ID) AT^) 

and 
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b m —. (159) 
•"•̂  -0.58 -0.262^ Ooll7(VVVp)°°'^^^ O0I33 

Using these results of the runs mentioned above, the relation between 

b2_2 and b,_ was determined by plotting vlaues of b-p and b-^j calculated 

from equations (1^8) and (159), against-yl (and also "j/p) as shown in 

Figure 31^ where 

"j/j) = kinematic viscosity of discontinuous phase, 
' centipoises/gm/cm-'„ 

"l/'n = kinematic viscosity of continuous phase, 
'^ centipoises/gm/cm-'<, 

An examination of Figure 31 indicates that b-,p and b-.̂  may be 

correlated with either "V^, or "J/Q by the expression 

m-, ^ 
bi2 = \ ^ iV) (160) 

and 
m,/• 

^13 = ̂ 16 ^'^^ (161) 

where 

b-j_̂  - 1»0 

bi6 = Oo38 

and for reasons presented later in the discussion of these correlations, 

m-,^ and m../- are set equal at the value 

m^^ ~ "^A ~ -0.266 

Hence, H9U and H9U may now be correlated by the expression 
00 OD 
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-1,58 -0.262_ Ooll7(Vj3/Vn)°*'''^2 

HQUQ, • i.o(vyv^) (v^*v^) (M^) 

0.133 ,-0.266 
(ATiJ (yi) (162) 

Here "V^ is arbitrarily chosen over T/Q on the basis that it is implied 

by a presumed Grashof number. 

and 

-0.58 -0.262_ 0.117 (Vj^/V)°°''6^ 
H9UQJ^ = 0.38(Vj3/Vc) (Vj3-V^) (/Ij)) 

0.133 / -0.266 

An examination of equations (162) and (I63) indicate that the terms, 

(/\T-[ĵ ) ° and ( f j))" ° ^ may be combined into a single term 

(ATiin/yr)^)^*'''^^. Thus, equations (l62) and (I63) may now be put into 

the final form, 

-lo58 -0.262_ 0»117(V^/Vp)°--''6^ 
HQUQ^ = 1.0(Vj^/V^) (Vj3 + V^) (/Iĵ ) X 

9 0.133 
(AT,/y,2) (,6U) 

and 

-0„58 -0«262^ 0„117(Vx,/Vp)°°'^6^ 
HQUQJ^ = 0.38(V^/V^) (V^-V^) (/Iĵ ) 

( A W / D 2 ) (165) 

12.5U3 Effect on Ua. If the same relation between /\l!-^and "I/TJ 

exists with Ua as existed >ri.th HQU and H9U , then a plot of log bg. 
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defined by equation (liil), versus log (A^XJ^/T^D^) should yield a 

straight line with slop, m-,y, equal to -0.133* similar to that obtained 

f o r ^ T versus bg, shown in Figure 28. Such a proposed plot is shown 

in Figure 32, and very definitely indicates a slope, TTL 3 about equal 

to that of Figure 28, or -0.133. 

Thus, it is now possible to relate the effect of temperature level 

upon Ua by the term (AT, /"I/T) )" > and represent the final correla­

tion of Ua by the expression 

1.376 1.376_ -0.039-Log(¥n/Vp)°-^^^ 
Ua = 8.9(Vp/Vc) (Vj3 + V^) (11^) X 

^-0.133 
(ATi^/i^^) (166) 

12<.5ilU Discussion of Correlations. Equation (l57) indicates that 

if natural convection does participate as a mechanism of heat transfer, 

the exponent of -7/ should be negative and twice that of ̂ T „ 

Since it has already been determined that the exponents of /\T-| 

in the correlations of H9U„p and H9U„ were both 0ol33j then the ex­

ponent has been applied to the correlations of Figure 31? (corresponding 

to m-|t- = m = -O.266) with reasonable success, thus strongly indicating 

the presence of natural convection. 
0,133 

Thus, it was possible to show the existence of the term (/\T-. /y^) 

in the correlation for both H9U and H9U , and Figure 32 indicates also 

corresponding term in the correlation of Ua in the form (AT, /I/T) ) ° 

12.55 The Effect of Reversing the Direction of Heat Transfer on 

Heat Transfer Responses. 

;9i 



CO 
,0 

-P 

a 
0) 
•H 
O 
•H 
tH 
0) 
O 

o 

-UUUU 

8000' 

6000 
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12.551 Introduction. Up until this point, all the results pre­

sented were for heat transfer from the continuous to the discontinuous 

phase. Such a direction of heat transfer was employed by both Li and 

Gardner in all of their runs, and was also employed in all the runs of 

this investigation thus far mentioned. However, in an attempt to ob­

tain more information the mechanisms of heat transfer to and from drop­

lets, a few runs of this investigation were made with heat being 

transferred from the discontinuous to continuous phase. 

12.552 Effect on ^Q^QQ and H9U . Runs 200 through 206 of this 

investigation were made with the direction of heat transfer being re­

versed from that previously usedo All runs were made employing an in­

let benzene temperat\ire of approximately 50°C, with an inlet water 

temperature of about 32°C. In addition, all runs were made at a total 

flow rate, (V + V ), or approximately ij.0 ft/hr. 

Runs 200, 201, and 202 were all made at a ||j^ value of 300 ft/hr 

at ̂ -p/Vp ratios of 0.37, 3»l6 and 0.92 respectively. The remaining runs 

were all made at a V-n/̂ p ratio of approximately imity, with values of 

J\-Q varying from 150 to 1200 ft/hr. 

The effect of reversing the direction of heat transfer upon H9U„p 

and H9UQI-J is clearly shown in Figure 33 as related to TT-r̂ . For con­

trast, points are shown on Figure 33* for values of H9UQP and H9U„^, 

calculated from the correlation represented by equations (I6I4) and (l65) 

for the identical run conditions of ^jJ'^n ratio, yyj-j, (V.̂  + V ), and 

(Alij^/yCj ) " (reversed in sign), employed in the reversed runs. 

This was done so that a comparison of results for the two directions of 

:9J 
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heat transfer might be obtained under identical operating conditions. 

The indicated lines are purposely made parallel. 

12.553 Effect on Ua. Employing results of the runs mentioned 

above, the effect of reversing the direction of heat transfer upon Ua 

is shown in Figure 3h, as related to TTD* '^^ addition, values of Ua, 

calculated from equation (166) are also shown on Figure 3k) so that a 

comparison of results for the two directions of heat transfer might be 

made for identical operating conditions. The indicated lines are pur­

posely made parallel, although a steeper slope might be employed for the 

upper points. 

12.551i Effect on Exponents of (ATI^/-T/„2)^ Figures 33 and 3l| 

strongly suggest the correlations developed for relating HGU^p and HGUQ-Q 

and Ua to the operating variables, ^-n/^n} i^-p, + ^p)s and /|j^ might also 

be applicable to the reversed heat transfer situation. This is due to 

the fact that the slopes of lines representing H9U p, H9U,_ and Ua as a 
UO UJJ 

function /1 j^ are essentially the same for the two directions of heat 

transfer. 

If the assumptions are made that the correlations of equations (129), 

(130), and (I3i|) apply equally as well to the two directions of heat 

transfer, then the effect of heat transfer reversal upon the exponents 

of (ATIJ^/T/'D^), as relates to H9UQQ and K9U„-̂  may be obtained by 

plotting values of b-.p and bin against (ATim/Vn ^ ̂ ^ shown on Figure 

3S0 The two coefficients b-,n and b-,Q, which are essentially the same 

as bi and h^, defined for heat transfer to the discontinuous phase, are 

defined, thus. 

• U. ^ 
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^e^oc 
b ^ ___-_ (167) 

^° -1.58 -0.262_ 0.117(V^/Vp)°'^23 
( V D A C ) ( V D - ^ V Q ) (/ID) ^ ° 

and 

bi5 22 (168) 
-0.58 - 0 . 2 6 2 _ 0 . 1 1 7 ( V T ) A P ) ° " ^ 2 ^ 

An examination of Figure 35 shows the slopes, m, for the two lines 

are poorly defined because of the small range of (ATIJ^/-?/^^), Nonethe­

less, it is obvious that the slope involved is greater than the 0.133 

found for the original direction of heat transfer. The slope was taken 

to be 1.30, by averaging the magnitudes of independent slope values for 

this figure and the later figure. Figure 36. 

Similarly, the effect of heat transfer reversal upon the exponent 

of (ATI^/T/J) ) as related to Ua, was appraized by plotting values of 

b2o against (ATimA^x) ) as shown in Figure 36. Again b2Q is similar 

to bg defined for heat transfer from the continuous to discontinuous 

phase as is defined as 

b2o = — (169) 
1.376 1.376^ -0,039-Log(V^/Vp)°«^23 

( V V (̂D-̂ Ĉ̂  (MD) 

An examination of Figure 36 shows a line drawn through the results 

with a slope of -I.30 is entirely reasonable. 

97 
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13.0 DISCUSSION AND CONCLUSIONS 

13.1 Behavior Patterns 

13.11 Discussions of Overall Results. In Section 11.2, a detailed 

analysis of all the behavior patterns considered to be important factors 

in the heat transfer performance of the pulse column is given. It is 

now felt that all major heat effects within the column have been quan­

titatively evaluated, particularly heat losses due to evaporation, as 

accoiinted for by equation (97). The fact that all irrgportant heat effects 

are now properly accounted for is supported by the fact that average 

absolute percent deviations in the heat balances are consistantly less 

than 10-percent. In addition, it has also been shown that the heat 

transfer responses obtained are reliable and are reproduci^ble with a 

precision within 10-percent due to the accuracy with which the heat trans­

fer measurement may now be made. 

13.12 Limitations. As discussed in Section 11.63, one source of 

error still remaining in the heat transfer calculations is that due to 

end-effects within the column. Since no satisfactory method for correct­

ing this error has been formulated, it should be remembered that all of 

the preceeding correlations have this inherent error in them. 

It is felt, however, that in the future som.e means should be em­

ployed to correct for or eliminate this source of error. Probably the 

easiest method would be to relocate the thermopiles in the column in 

such a way that the temperatures indicated by them would only be the 

terminal temperatures at each end of the defined column height, Z. This 

would be a relatively simple matter at the bottom of the column since 
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it would only entail moving thermopile #2 (water outlet) further into 

the column until it was essentially level with thermopile §3» (benzene 

inlet). In this manner, essentially all end-effects at the bottom of 

ttie polumn might be pliminated from the ten̂ jerature measurements. Re­

location of tjie thermopiles at the top of the column, however, would 

not be quite as simple due to the benzene-'Water interface. It is felt, 

though, that some suitable positioning of these thermopiles could be 

made so as to substantially reduce the top end-effects inherent the tem­

perature measurements. 

13.2 Experimental Program and Res\ilts. 

13.21 Temperature Probe Resiilts. An ©camination of Figure 19 of 

Section 12.U3li definately indicates that use of a In-mean temperature 

difference is valid over the region defined by the colunm. height Z, or 

within the region of perforated plates. However, as mentioned in Section 

11.63, tenperatures used in the calctilation of values of A-'ini *^® some­

what in error due to end-effect within the column, as indicated by 

Figures 17 and 18 of Section 12*ll33. 

It is interesting to congpare the teŝ serature probe resxxlts of this 

investigation with thqse- obtained on spray towers. 

Pierce, et al (3i4̂ > utsang the system mercury dispersed in water, 

found from their terapeirature profile data that a plot of (Tjj - TQ) versus 

Tp was not linear, and thjerefore use of a logarithmic ten̂ ierature differ­

ence was not justified. This behavior was attributed to recirculation 

of the continuous phase within the column, particularly at the 

?/•! 
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interface-end of the column, where 80-perc9ht of the total temperatiire 

rise of the continuous phase occurred. 

Garwin and Smith (l5) calculated rigorous values of U from temper-

ature profile data of the continuous phase, and compared these with 

those calculated using a In-mean temperature difference. They foiind 

that the ratio of the rigorously to logarithmically calculated values 

of U increased as hold-up within the column increased. They encountered 

discrepancies up to about twenty percent. Again, this behavior was attrib­

uted to recirculation of the continuous phase at high flow rates of the 

discontinuous phase. 

No doubt the difference between temperature profile obtained in 

pulse columns and in spray columns results from the presence of perfor­

ated plate in the pulse column. It is felt that these plates, spaced 

relatively close together, prevent large circulation patterns in the 

continuous phase from developing, as found in spray columns, althoiigh 

such patterns on a smaller scale do exist between the individual plates. 

Li (25) found evidence to support this from the fact that when the column 

was statically filled with water, temperature readings at either end of 

the columns never agreed no matter how much time was allowed for equi-

librium. This behavior was attributed tjo thfe fact that the plates' within 

the column tend to block natural convection from one end to the other 

thus accoimting for the difference in teng)eratures. 

13.3 Correlation of Major Heat Transfer Responses. 

13.31 Discussions of Final Correlations. The final correlations 

for the three major heat transfer responses, HOUQQ, H9UQ_, and Ua are as 

follows: 
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-1.58 -0.262_ 0.117(Vn/Vp)0-'762 
HSUQ^ - 1.0(VJ^/VQ) (VJ3 + V^) (llij) X 

( A W / D ^ ) ^16^^) 

-0.58 -0.262_ 0.117(vyVp)°'762 
H9UQJ3 - 0.38(Vj3/V^) (Vj3 + V^) (/Iĵ ) "^ X 

and 

1.376 1.376_ -0.039-Log(vyv.)°-^23 
Ua = 8.9(V2/V(,) (V^ + V^) (/Iĵ ) ^ ^ X 

„-0.133 (AT/y^^^) (-L66) 

Since the exponents of the (V̂ /̂Vp) and {Yj. + Vp) terms are the same in 

equation (l66) above, the two terms may be combined into a simpler form, 

r- ^ 1.376 -O.039-Log(vyv„)°°^^^ 
Ua = 8.9 Vj3|(vyv^ . 1)] (/î ) 

( A T i ^ y / ) (170) 

It should be noted again that the above correlations are without 

correction for end-effects. As was previously mentioned, such end-effects 

influence the measxired terminal temperature used in the calculation of 

ATIJ-J and other heat transfer responses» However, since end-effects 

J ^(^ 
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Hence equation (17U) above may be written, 

H0U, 
OD 

HOUQC 
0.37(VjjAc) (175) 

Now if equation (l65) above is divided by equation (l6U), then we 

have that 

-0.58 

0.38 (VJ/VQ) (176) 

HQUQ^ (0.38) (VJ/VQ) 

H9UQP (I.OO) (Vo/7c)-1.58 

Thus a coi^arison of equations (175) and (176) indicates a large 

degree of internal consistancy within the correlations as coii?)ared with 

the theoretical correlations. 

13.32 Comparison of (V^ + V ) Effect for Mass and Heat Transfer. 

It generally is known that spray columns increase in contact efficiency 

as flow rate conditions approach flooding. This is understandable since 

hold up and interfacial area increase as flooding is approached. How­

ever, just the opposite has been found to occur in pulse columns. It 

has been observed by both Griffith, et al (I6), and Thornton (U9), (50), 

that for pulse columns in mass transfer response, values of HTU increased 

with increased (V.̂  + V Q ) , and hence the net rate of mass transfer decreased. 

Thornton (U9), (50), expressing (V̂ j + Vp) in terms of percent flooding, 

reported values of HTU^p that increased linearly with RVp + V^^cJ^*-^" 

for perforated plates, and with (Vjj + V^Gp *-̂  -̂  for special expanded-

mesh plates, all at a VjVVp ratio of unity, where 

Cj, " flooding capacity of column, ft/hr. 
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then 
V P C V P V 

HSU „ " 5 ° ° - H9U, ° )-° ° + HeU„ (171) 

Now equating H9U from equations (U9) and (171), 

V̂  P„ Ĉ  V̂  Pj, Ĉ  

D̂ f D % 

C?C^C 
_H0UQ ^ ̂  ̂  ••••̂  (172) 

or 

CT 

HQUoD = HOTQ^ (V^/V^) ̂ ^ (173) 

C "C 

and 

fo C. 
H9UQ^/H9UOC = - ^ (Vyv^) (17U) 

kc ̂ C 

Over the range of temperature employed in this investigation, the 

KD^T/XC^C "^^^^ 1^ essentially constant due to the fact that \~ „ and 

CQ for water are practically constant, and y-r. and C„ for benzene de­

crease and increase respectively with temperature at approximately the 

same rate. It has been found that over the range of temperatures em­

ployed in this investigation, 

^^ 2̂ = 0.37 
Vc ̂c 
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are usually express^^ in terms of a coliimn length, it is felt that this 

effect would only change the above correlations by some constant. 

An examination of the above correlations shows that all of the 

variables en5)loyed are those which are readily available or easily meas­

ured in conqparison to some theoretical correlations that have been 

developed, Thornton (50) and I^ogsdail and Thornton (30), in studying 

the performance and through-put of pulse columns in mass transfer re­

sponses, developed theoretical equations which were extremely coisplex, 

and involved terms such as fractioiial hold-up which can only be evalu­

ated by additional experimentation. 

Thus it is felt that the above correlations, represented by equa­

tions (l6U), (165), and (170), adequately describe heat transfer re­

sponses for the pulse column and system used in this investigation, and 

are relatively simple to use. 

A large degree of internal consistancy in the above correlations 

for HQUQQ and HOU-j. may be demonstrated by rearranging equations (U9) 

and (50) of Section 7.0 as follows: 

Ĝ Pc °G HOU„p - HOUp + HOUT, . ^^ ^ (50) 

VT) P C 
H9UQJJ - HQUJJ + HOU^ 1^-J. (U9) 

^C \ C "C 

^G 5 C ^C 
Dividing equation (50) through by — , 

^D \ D ^D 
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The heat transfer response of the pulse column has been found to 

be just the opposite of that for mass transfer as far as its relation 

with (Vjj + Vp) is concerned. Equations (16U) and (165) above indicate 

that values of H9UQP or H9U decrease with increased (Vĵ  + Vp), as a 

function of (V-p, + Vp)"*-**^^, indicating an increased net rate of heat 

transfer between phases. Similar behavior patterns, however, have been 

noted for heat transfer in spray columns. Rosenthal (Uo) found that 

values of Ua increases with increasing values of V„ and V^. Garwin and 

Smith (16) found that values of U decreases with increased (V̂ ^ + V ), 

although values of Ua were found to increase with (V̂ . + V ), as the 

others had found. 

Thus the above results indicate a marked difference between the mass 

and heat transfer responses of a pulse column, as a function of the total 

flow rate, (V + V_)„ This must reflect a basic difference in some as­

pects of the total mechanisms, and tends to refute the analysis currently 

assumed to relate heat transfer and mass transfer. 

13.33 Interpretation of (AT-^^^/T^p^) Term. 

13.331 Heat Transfer from the Continuous to Discontinuous Phase. 

In the series of r̂ ans in which "7/1̂  was tested as a possible variable 

for heat transfer from the continuous to discontinuous phase, final 

correlations indicated that HOUgp and H9U varied as a function of 

'1/T) ' It should be noted that for this particular series of runs, 

values of /\T. were held constant at approximately 10°G, and only the 

temperature levels of the runs were varied for a given set of operating 

conditions. Thus by controlling both the inlet benzene and water tem­

peratures such that A T J = 10°C for all runs, the average phase 
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ten̂ jerature coxild be set at any desired vauLues within limits, although 

the change in temperature of either phase would be less than 10°G. In 

addition, values of A T , were .essentially constant for ̂ 1 runs in this 

series. Thus it was concluded that the "^^ ( or "/n^ efiect, shown in 

Figure 31, are not to any appreciable exrent enfluenced by changes in 

ATIJ^, and therefore represent a true kinematic viscositj^ effect, (or 

at least a physical-property effect). 

In addition, the maximum possible range of temperat\lre levels were 

employed in determining the effect of ''yi. on H9UQP and HSUQJJ, from es­

sentially room temperature to the boiling.point of â jpenzene-water 

azeotrope. An extension of this range would have necessitated addition­

al modification of the eqLuipment such that the inlet ten^eratures of 

the water and benzene could be reduced to below room tenderature. 

In summary, because of the range of teng)erature levels and experi­

mental proceedure en̂ jloyed in determining the exponents ^^~V^ ^°^'Vc)> 

as shown in Figure 31* it is felt that combining/\^ T aiid "l/l into the 

term (AT-, /n/jj) * -̂-̂  is an indication that natural conviction does 

participate as a mechanism of heat transfer since the abdve term may be 

considered as part of a Grashof number, or perhaps Grashi^f-Prandtl com­

bination. In addition, the fact that the exponent of this term is less 

than 0.25, the exponent applied to the Grashof number foi" most pure 

natural convection heat transfer situations, is actually further in­

dication that natural convection is present within the dfop. This may 

deduced as follows: An examination of the circulation patterns within 

rising drop, shown in Figure 5, would indicate that when heat is trans­

ferred from the continuous phase to the drop, heating of the outer 

\.'"^o 
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layers of the drop would cause those regions of the drop to become less 

dense as compared to the inside. Thus there would be a tendency for 

pure natural convection patterns to be set up within the drop which would 

tend to buck those patterns resulting from viscous forces between the 

two liquids, shown in Figure 5. In effect the tendency for natural cir­

culation would be partially restrained. Thus it is reasonable to expect 

that the exponent on a Grashof number would be less for this situation 

than for pure natural convection, even though the above picture is 

greatly simplified in comparison to the complex mechanisms that actually 

exist within the drops. 

13.332 Heat Transfer from the Discontinuous to Continuous Phase. 

Figure 35 shows the effect of {/S^iaJl/^^ °" ̂ ®%C ^"^ ̂ ®^0D ^°^ "^^^ 

reversed heat transfer situal ion, or for heat transfer from the discon­

tinuous to continuous phase. It should be noted here that the (ATJ^^^/T/^) 

term in this case is actually established only in regard to theAT-i 

term, since the values of "jAj were practically the same for all rims used 

in the correlations of Figure 35• It is felt that the results shown in 

Figure 35, although limited, are a reasonable approximation for the ex­

ponents on (AT-. /yC ) for the reversed situation. Since it is logical 

to assume that natural convection also plays an important part in the 

reversed heat transfer,"^-Q was included by analogy in the correlation 

of Fig-ure 36 as if part of a Grashof number, or as {/^-^/-y^jT). 

An examination of Figure 35 indicates that the exponent of the term 

(ATIJ^/-V'_2) is about 1.30. The value is not firmly established. Again 

such an exponent is reasonable in the light of prior reasoning since 

heat transfer from the drops to the continuous phase tends to cool the 
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outer layers of the drops, in comparison to the inside, and set up nat­

ural convection patterns which enhanced those shown in Figure 5 for the 

drag effect. Thus one would expect the exponent on the (A'^lm/V^D^ 

term to be greater than that for pure natural convection alone, that is, 

greater than 0.25. 

13.3U Approximate Correlations for the Reversed Direction of Heat 

Transfer. As mentioned in Section 12.55U, Figures 33 and 3U indicate 

that the correlations developed for relating H9UQQ, H9UQ2 and Ua to the 

operating variable Vj,/Vp, (Vĵ  + Vp), and 77j^, might well be applicable 

to the reversed heat transfer situation. If this assumption is made, 

then the coefficients for correlation of H9U , H9U , and Ua may be ob-
UO OD 

tained in part from Figures 35 and 36, as well as the exponents of the 

(AT-| /"VX) ) terms. Thus, correlations for the reversed direction of 

heat transfer situation have been inferred to be: 

-1.58 -0.262_ 0.117 (Vj./Vp)°°̂ 2̂ 
H9Uoc = 0.098 (Vĵ /V̂ ) (V^^V^) (,,ĵ) 

1.30 

(AVyi') (177) 

-0.58 -0.262_ 0.117 (VT./VP)°°762 

H9UQ^ = o.o35(vyv^) (Vj3 + V(.) iii^) 

5I.3O 
(AVy^^) (178) 

and 

10 
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Ua « 260 Vjj(VjjAc * 1 ) (/If)) 
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O.U23 

„ -1.30 
(AVYD^) (179) 

13.35 Possible Dimensionless Form. All terms in the above cor­

relations for HOUQQ and UOU are dimensional with the exception of the 

VJJ/VQ ratio. However, it is felt that the present terms are actually 

components of dimensionless grotips, 

Thornton (50) and Toshida and Koyanagi (57) formulate dimensionless 

groups out of HTU values for mass transfer with the term 

HTU HIU (^8;,, 

>^ve% >v6c 

These results might be considered to be a new type of a Nusselt number. 

However, it is also possible to put values of HTU into dimension­

less form as a paa"t of a conventional Nusselt number, defined as 

Nu - hD/k (181) 

Since k/h may be considered as a film thickness in heat transfer, x, 

the Nusselt nuaiber may be considered as the ratio of a characteristic 

dimension, D, to a film thickness x, which in turn may be measured by 

some single characteristic tending to define drop size. Thus we might 

contrive a dimensionless number like this^ 
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HTU/Dp or Heu/Dp (l82) 

where 

Dp - some characteristic dimension such as drop size, plate hole 
diameter, etc. ft. 

Li and Newton (26) have employed the FA produced for a pulse column 

to calculate phase velocity through the perforated plates to use in a 

Reynolds number. Since it has already been shown that values of 77j. 

and FA are intimately related, it is, therefore, conceivable that the 

Yij. term could be part of a Reynolds number. One possible form of such 

as Reynolds number might b% 

7TD P y^ (183) 

As already indicated, it is felt that the (ATI-J/T/V) ) term is part 

of a Grashof number, for natural convection. However, it should be 

noted that when a Grashof number is correlated with a Nusselt number, a 

Frandtl ntmiber is also involved to th6 same power as the Grashof number 

as indicated by equation (156). Since the Prandtl number shows very 

little change in magnitude over the temperature ranges enqsloyed, there 

was no point in employing one here. 

It is felt that the (Vjj + V^) or V̂ ^ (VJ/VQ) + ]] term of the 

above correlations may be put into dimensionless form as part of a 

percent-of-flooding term, defined as 

% Flooding -(v̂ ^ + Y^C^ (18U) 

* • 4 f 'J 

'V J- 1^ 
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where 

C - flooding capacity of column, ft/hr„ 

This has been done by several workers, notably Thornton (50). Thus we 

may finally include a Prandtl number separate from the natural convection 

effect, and infer that 

f(HOU/Dp) - FRe),(Gr,Pr),(Vj/VQ),(^ Flooding),(PrJ (185) 

It would take measurements on a number of different systems, and on 

different column characteristics to test the extension of the present 

correlations to the form assumed above, or one similar to it is prin­

ciple. 

13.36 Analogy between Heat and Mass Transfer» A manner of com­

paring heat and mass transfer results was presented in detail by Li„ 

That treatment is considered a suitable start on an adequate manner of 

comparing the heat transfer results, as presently correlated, with mass 

transfer results. His comparison was based on the conventional Colburn 

analogy between heat and mass transfer. 

This aspect was not pursued here because it has since developed that 

the mass transfer results available to Li on this same benzene-water sys­

tem, have been found by Pike (37) to be in error as a result of an error 

in measurement of the solubility of water in benzene. Although this 

faulty solubility data have now been corrected, the mass transfer data 

have not as yet been revised. Therefore, any reasonable test of the 

analogy between heat and mass transfer for this case is a problem for 

the future. 

- — o 



lii.O NOMENCLATUHE 

l i i . l English Letters 

a " Constant 

a'" Constant 

a - Interfacial heat transfer area for heat transfer between 
phases, ftV^t^. 

A "• Pulse amplitude, in, 

2 

A " Superficial cross-sectional area of contractor, ft . 

b = Constant 

b'= Constant 

c = Constant 

c'= Constant 

CQ = Heat capacity of continuous phase, Btu/(lb)(°F), 

Cjj = Heat capacity of discontinuous phase, Btu/(lb) (°F), 

C-p = Flooding capacity of column, ft/hr. 

D = Pipe or tube diameter, ft. 

Dp = Characteristic dimension such as drop size, plate hole diameter, 

D = Diffusion coefficient, ft^/hr. 

Eg = Heat equivalent of batch of liquid and of solids in immediate 
contact with liquid, Btu/°F. 

Eg = Eddy diffusivity of heat transfer. 

E. = Heat equivalent for flow system of infinitesimal increment of 
flow, Btu/OF. 

Eĵ  = Eddy diffusivity of momentum transfer. 

f = Fanning friction factor, dimensionless 

F = Pulse frequency, in/min. 

- 0-1'^ 
%i 
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Dimensionless product 

Constant, 32.17 (lb-mass)(ft)/(lb-force)(sec)^. 

Grashof number • l?s g^xly^UC , dimensionless 

Heat transfer coefficient at pipe wall in contact with flowing 
fluid, Btu/(hr)(ft2)(°F). 

Height of a continuous phase mass transfer unit, ft. 

Height of a discontinuous phase mass transfer unit, ft. 

Height of an overall continuous phase mass transfer unit, ft. 

Height of an overall discontinuous phase mass transfer unit, ft. 

Height of a continuous phase heat transfer unit, ft. 

Height of a discontinuous phase heat transfer unit, ft. 

Height of an overall continuous phase heat transfer unit, ft. 

Height of an overall discontinuous phase heat transfer unit, ft. 

j-factor for heat transfer, dimensionless 

j-factor for mass transfer, dimensionless 

Constant 

Thermal conductivity, Btu/(hr)(ft2)(°F/ft). 

Mass transfer coefficient, lb moles/(hr)(ft^)(lb mole/ft^)„ 

Constant 

Length of pipe or tube, ft. 

Constant 

Slope of equilibrium curve averaged over the continuous film 

Molecular mass of continuous phase 

Molecular mass of discontinuous phase 

Constant 

Rate of diffusion of diffusing component, lb moles/(ft^)(hr). 
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Number of continuous phase mass transfer units 

Number of discontinuous phase mass transfer units 

Number of overall continuous phase mass transfer units 

Number of overall discontinuous phase mass transfer units 

Number of continuous phase heat transfer units 

Number of discontinuous phase heat transfer units 

Number of overall continuous phase heat transfer units 

Number of overall discontinuous phase heat transfer units 

Nusselt number = hD/k, dimensionless 

Constant 

Pressure drop across 22 plates, in. of fluid flowing 

Summation of benzene and water vapor pressures, evaluated at 
the benzene outlet temperature, mm Hg, 

Prandtl number =^C/k, dimensionless 

net rate of heat transfer between continuous and discontinuous 
phase, Btu/hr. 

Average net rate of heat transfer between phases, Btu/hr. 

Net rate of heat transfer to the discontinuous phase, Btu/hr. 

Heat of solution of water in benzene resulting from mass 
transfer of water into the benzene, Btu/hr, 

Net rate of heat transfer to the discontinuous phase because 
of temperature difference, Btu/hr. 

Net sensible heat effect in continuous phase, Btu/hr. 

Net sensible heat effect in discontinuous phase, Btu/hr, 

Heat of evaporation losses from the column, Btu/hr, 

Steady-state heat losses from the column, Btu/hr. 

Heat of pulsing for batch system in 8-plate column, Btu/hr. 
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Heat of pulsing for flowing system in 8-plate column, Btu/hr. 

Heat of solution of benzene in water, Btu/hr. 

Deviation in heat balances, Btu/hr. 

Heat transferred to benzene as it passes through the distributor, 
Btu/hr. 

Net rate of heat transferred to the discontinuous phase, un­
corrected for heat of evaporation, Btu/hr, 

Deviation in heat balances, uncorrected for heat of evap­
oration, Btu/hr. 

Total amount of heat generated in fluid passing through the 
column due to heat of pulsing, Btu. 

Reynolds number » D^U/^ , dimensionless 

Area under pulse curve, in. 

Superficial cross-sectional area of column, ft . 

Schmidt group = ^ / ^ D ^ , dimensionless 

Sherwood number = k„D/Dy dimensionless 

Stanton number = h/CrU, dimensionless 

Bulk temperature of continuous phase, °C, 

Bulk temperature of discontinuous phase, °C„ 

Interfacial temperature between discontinuous and continuous 
phases, °C. 

Room temperature, °C. 

Actual measiored inlet temperatiire of continuous phase, °C. 

Actual measured outlet temperature of continuous phase, °C, 

Actual measured outlet temperature of discontinuous phase, °C„ 

Actual measured inlet temperature of discontinuous phase, °C, 

Corrected water outlet temperature, °C„ 

Actual measured benzene temperature in feed line, °C. 
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A TQ " Temperature change in continuous phase, °C. 

A Tj3 • Temperature change in discontinuous phase, °C. 

^ Tj_ • Difference between inlet stream temperatures, °G, 

A'^L • Average column temperature minus room temperature, °G, 

A Tjjjj • Ln-mean temperature difference, °G. 

A ^ p • Increase in fluid temperature due to heat of pulsing, °C. 

U « Instantaneous fluid velocity, in/min, 
U = Overall heat transfer coefficient for heat transfer between 

phases, Btu/(hr)(°F)(ft^). 

Ua = Overall volumetric heat transfer coefficient for heat transfer 
between phases, Btu/(hr)(°F)(ft^). 

V = Volumetric flow rate, ftVmin. 

VQ = Superficial velocity of continuous phase, ft/hr, 

Vj-j = Superficial velocity of discontinuous phase, ft/hr. 

V-j. = Total contactor volume, ft^. 

Xp = Mole fraction of solute in bulk of continuous phase 

X-Q = Mole fraction of solute in bulk of discontinuous phase 

Xp. = Mole fraction of solute in continuous phase at interface 
between phases. 

X„. = Mole fraction of solute in discontinuous phase at interface 
between phases. 

Xp = Mole fraction of solute in bulk of continuous phase which 
would be in equilibrium with X-Q 

XTJ = Mole fraction of solute in bulk of discontinuous phase which 
would be in equilibrium with Xp 

Z = Defined column height, ft, 

lit.2 Greek Letters 

^ = % ̂ /£ 
V = Coefficient of volumetric expansion 

£, = Eddy viscosity, (lb-force) (hr)/ft . ^ 
• . '' '̂  (S 
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"^n' Kinematic viscosity of continuous phase, centipoises/(gmy(cm3), 

7 ^ • Kinematic viscosity of discontinuous phase, centipoises/ 
(gmVtcm^). 

9 " Pulse time, min. 

A s • Risident time of fluid element in column, hr, 

/Jj • Average flew rate, er the volume of liquid puligd pait a plate 
during a itrokii divided by the product of the eolumn 
orois^eeetional area and aetual time of flow in that 
direction, ft/hr. 

JPQ • Average flow rate of total material past the plates in the 
in the direction of the continuous phase flow, averaged 
over the actual time of flow in that direction, ft/hr. 

/|j3 • Defined the same as '[\nt only for a direction the same as that 
of the discontinuous phase, ft/hr, 

n" - 3.iiii6 

P Q • Density of continuous phase, Ib/ft^, 

Qy. » Density of discontinuous phase, lb/ft-'. 

'X - Shear stress, lb-force/ft . 

y^ = Viscosity, (lb-force)(hr)/ft2, 

lii.3 Commerical Trade Names 

"Ameripol" A series of synthetic rubbers of the butadiene-
styrene type, manufactiored by the Goodrich-
Gulf Chemicals, Inc., Cleveland 15, Ohio, 

"Constametric" A dual-piston pump designed to combine the two 
sinu soidal discharge slow patterns into a 
single pattern a constant flow rate. Manu­
factured by the Milton Roy Company, 1300 
East Mermaid Lane, Philadelphia l8, Penna, 

"Chromalox" Metal-clad electric heating units manufactured by the 
Edwin L. Wiegand Company, 7^00 Thomas Blvd., 
Pittsburgh 8, Penns. 

"Del" A series of protective coatings manufactured by the David E„ 
Long Corp., 220 East ii2nd Street, New York 17, N, Y, 
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"Double-Tough" A line of surface-hardened "Pyrex" pipe and fittings 
manufactured by the Corning Glass Works, Corning, 
N. Y. 

"Fisher" Trade name attached to items sold by the Fisher Scientific 
Company, 7722 Woodbury Drive, Silver Springs, 
Maryland 

"Glyptal" Trade-mark for a group of alkyd-type synthetic resins 
and plasticizers, manufactured by the General 
Electric Company, 1 River Road, Schenectady S, N. Y. 

"Helipot" A precision helically-wound, liniar potentiometer man­
ufactured by the Helipot Division of Beckman 
Instrument, Inc., Fullerton, California. 

"Isoterap" Trade name assigned to a precision line of waterbaths, 
by the Fisher Scientific Company, 7722 Woodbury 
Drive, Silver Springs, Maryland. 

"Kel-F" Poly (trifluorochloroethylene) plastic manufactured by 
the M. W. Kellogg Company, Chemical Manufacturing 
Division, Jersey City 3, N, J. 

"Koncentrik" A line of "Teflon" seated tubing fittings manufactured 
by the Special Screw Products Company, 100 
Northfield Road, Bedford, Ohio, 

"Lightnin" Pilot-plant sized mixers manufactured by the Mixing 
Equipment Company, I n c , Rochester 11, N. Y. 

"Microset" Small relay-switches manufactured by Micro-Switch, a 
Division of Minneapolis-Honeywell Regulator 
Company, Freeport, Illinois. 

"Ifylar" Poly (ethylene terephthalate) resin manufactured by E. I. 
du Pont de Nemours and Co., Inc., Circleville, Ohio. 

"Protecto-Flex" Molded and protected fiber-glas insulation, fitting 
to pipe. Miracle Adhesives Corporation, 2lU 
East 53rd Street, New York 22, N. Y. 

"Pyrex" Borosilicate glass No. 77l;0 of the Corning Glass Works, 
Corning, N. Y, 

"Rotameter" A variable-area orifice meter. Originally the trade­
mark of a particular line of meters by the Fischer 
and Porter Company, Hatboro, Pennsylvania. 
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"Simplex" A single-piston line of piston pumps manufactured by the 
Milton Roy Company, Philadelphia 18, Pennsylvania. 

"Stabl Vis" A type of float and rotameter, characterized by a 
minimum influence of viscosity, manufactured by the 
Fischer and Porter Company, Hatboro, Pennsylvania. 

"Teflon" Poly (tetrafluoroethylene), E, I, du Pont de Nemours and 
Company, Wilmington, Delaware, 

"Thymotrol" A non-mechanical converter of AC to DC current. General 
Electric Company, Fort Wayne, Indiana, 

"Styrofoam" Trademark of a foamed polystyrene plastic, made by the 
Dow Chemical Company, Midland, Michigan. 

"Utralite" Glass-fiber blanket insulation, Gustin-Bacon Manu­
facturing Co., 252 West 10th Street, Kansas City, 
Missouri. 

"Variac" A line of variable auto-transformers made by the General 
Radio Company, Cambridge 39, Massachusetts, 

"Westcoat Clear" A hot-melt protective strippable coating made by 
the Western Coating Company, Elyria, Ohio 

•21 
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Appendix Table lA, Data of Barlage - Measured flow conditions 

^D * ̂ C * ^° ^^/^ 

Benzene Water 

Run 
Number 

173 
17ii 
175 
176 
177 

178 
179 
180 
181 
182 

183 
181; 
185 
186 
187 

Vol . flow r a t e 

^D 

f t^ /min . 

0.00398 
0.00339 
O.0O3i;6 
0.00377 
0.00376 

0.00368 
0.00367 
O.OOli55 
O.OOI1I46 
O.OOU27 

O.OOU30 
0,00395 
0.00368 
0.00363 
0,00362 

Sup, v e l o c i t y Vol, flow r a t e 

^D 

f t 3 / h r - f i 

A T i ' 

12.U 
10.6 
10.8 
11.7 
11.7 

A T i ^ 

11.5 
11.u 
III.2 
13.9 
13.3 

ATi = 

13.il 
12.3 
11.5 
11 .3 
11.3 

t^ 

= l8.i;°C 

3U.ooa 

38.0°C. 

ĉ 
f t ^ /min . 

'. 

0.009i|2 
0.00958 
0.00950 
0.00937 
0.009UU 

0.009ii3 
0.00921 
0.01025 
O.012l;2 
O.OlOlii 

0.00991 
0.01011 
0.00955 
0.00969 
0.01002 

Sup. v e l o c i t y 

^C 

f t ^ / h r - f t ? 

29.3 
29.8 
29,6 
29.2 
29.1; 

29,1; 
28.7 
31.9 
38.7 
31 .6 

30 ,9 
31o5 
29,7 
30,2 
31,2 

:H 

http://13.il
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Appendix Table lA (continued) 

V D A C ' ^ I . O 

m VQ + VQ a* IiO ft/hr. 

Run 
Number 

168 
169 
170 
171 
172 

158 
159 
160 
161 
162 

163 
l6ii 
165 
166 
167 

131 
132 
133 
l l i l 
168 

Benzene 

Vol, flow rate 

^D 

ftVmin. 

O.OO6U8 
0.00625 
0.00618 
O.OO6I45 
0.00615 

O.OO6I18 
0.00588 
0.006U5 
0.00565 
0.006U7 

0.00661i 
0.00639 
0.00611 
0.00638 
0.0063ii 

o.oo6Uii 
0.00589 
O.OO6U2 
o.oo59ii 
0.006)48 

Wat( 

Sup, velocity Vol. flow rate 

D̂ 

ft^/hr-fi 

ATi^ 

20.2 
19.5 
19.3 
20.1 
19.2 

A T i ' ^ 

20.2 
18.3 
20.1 
17.6 
20.2 

A T i ' ^ 

20.7 
19,9 
19.0 
19.8 
19,7 

t2 

18.3°C. 

3ii.ooa 

i43.i|°C. 

Standard Runs 
A T i = l8.iiOC. 

20.1 
18.3 
20.0 
18.5 
20.2 

Ĉ 

ft^/min. 

0.00636 
0.00639 
0.006)45 
0.00635 
O.OO6I45 

0.00605 
0.00626 
0.00581 
0.00603 
0.00625 

0.00610 
0.00618 
0,00585 
0,00606 
Oo00625 

0.00614)4 
0.0061;3 
0.0061111 
0.00627 
0.00636 

ST 

Sup. velocity 

^C 

ft/hr-ft^ 

19.8 
19.9 
20.1 
19,8 
20.1 

18,8 
19,5 
18.1 
18,8 
19,5 

19.0 
19.3 
18.2 
18,9 
19.5 

20,1 
20.0 
20,1 
19,5 
19.8 

2̂1̂  
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Appendix Table lA (continued) 

r>j 

Run 
Number 

lli7 
139 
lli5 
1I46 
135 
138 
1I4I4 
136 
II42 
137 
lli3 
liiO 

153 
I5ii 
155 
156 
157 

1I48 
lli9 
150 
151 
152 

Vvc 
VD + Vc ' 

Benzene 

Vol. flow r a t e 

^D 

f t3 / i„ in . 

0.01056 
0.01137 
0.01126 
0.01070 
0.011147 
0.01129 
0.01091 
O.OIII4O 
0.01130 
0.01132 
0.01078 
O.OI066 

0.01195 
0.0112ii 
0.01111 
O.OIOI45 
O.OIO2I1 

0.01109 
0.01170 
0.01050 
0.01030 
O.OIOI4I1 

- 3 .0 

» iiO f t /h r . 

Wati 

Sup. v e l o c i t y Vol. flow r a t e 

^D 

f t ^ / h r - f 

32.9 
•i^M 
3 5 . 1 
33 .3 
35.7 
35.2 
3ii.O 
ZB.6 
35.2 
35.3 
33.6 
33.2 

A T i ' ^ 

37.2 
35.2 
3li,6 
32,6 
31 ,9 

A T i ^ 

3l;o5 
36.I4 
32,7 
3 2 . 1 
32 .5 

t? 
' 18 .50c . 

31,0°C, 

l;l4.0°C. 

^C 

f t ^ /min . 

0,00356 
0.00366 
0.0035ii 
0.00360 
0.00383 
0.00366 
O.OO3I13 
0,00379 
0.00380 
0.00381 
0.00379 
O.0037ii 

0,00378 
O.OO36I1 
0.00363 
O.OO3I12 
0,00338 

O.OO3I42 
O.OO3I43 
0.00352 
O.OO3I42 
0.00314)4 

ST 

Sup. v e l o c i t y 

^C 

f t ^ / h r - f t ? 

11 .1 
II.I4 
11,0 
11,2 
11.9 
II.I4 
10.7 
11.8 
11.8 
11.9 
11.8 
11.6 

11.8 
11.3 
11.3 
10.6 
10.5 

10.6 
10.7 
11,0 
10.6 
10,7 

,.,,.'0 
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Appendix Table lA (continued) 

Run 
Number 

188 
189 
190 

191 
192 
193 

19ii 
195 
196 

197 
198 
199 

Benzene 

Vol, flow r a t e 

^D 

f t^ /min . 

0,00661 
0,00976 
0.01260 

0,00662 
0.00992 
0.01285 

0.00632 
0.01011 
0,01276 

0.001413 
0.006140 
0.011433 

Sup 

f t 

Spec ia l Runs 

, v e l o c i t y 

^D 

3 / h r - f t ! 

20.6 
3O.I4 
39.2 

20 ,6 
30,9 
llO.O 

19.7 
31.5 
39.7 

12.8 
19.9 
W1.6 

Water 

Vol, flow r a t e 

^C 

f t^ /min . 

0.00650 
0.00362 
0.003i|l 

0.00657 
0,00352 
0.00332 

0.00623 
O.OO37U 
0.00320 

0.00)425 
0.0061;3 
O.OII479 

Sup. v e l o c i t y 

^C 

ftVhr-ft? 

20.2 
11.3 
10.6 

20,5 
10.9 
10,3 

19,1; 
11,6 
10.0 

13.2 
20.0 
li6.1 

Reversed Direction of Heat Transfer Runs 

200 
202 
203 
20I4 
205 
206 
201 

0.00361 
0,00606 
0.00626 
0,00625 
0,00653 
0,00638 
0,01116 

11.2 
19,0 
19 .5 
19.5 
20,3 
19 .9 
3ii.8 

O.OO96I4 
0.00655 
0,00622 
0.00631 
0.00625 
0,00628 
0.00353 

30.0 
20.I4 
19.14 
19.6 
19,5 
19,6 
11,0 



Appendix Table IB, 

Run 
Number 

173 
17U 
175 
176 
177 

178 
179 
180 
181 
182 

183 
18U 
185 
186 
187 

To ta l Sup. 
Ve loc i ty 

^ D / ^C , 
f t " / h r - f t ? 

i i l .7 
it0,ii 

ko.k 
U0,2 
i i l . l 

UQ.9 
liO.l 
I46.I-
52 .6 
104.9 

kh.3 
ii3.8 
Ul .2 

U.5 
1;2,5 

Diff . i n Sup 
Ve loc i ty 

ft3?hr-ft? 

- 1 6 . 9 
- 19.2-
- 18.8 
- 16.8 
- 17.7 

- 17.9 
- 17^.3 
- 17.7 
- 2l4,8 
- 18 ,3 

- 17 .5 
- 19.2 
- 18 .2 
- 18.9 
- 19.9 . 

of Barlage" - Caicxila't'ed flow conditions 

V i / V c ^ O , 3 8 

Vj3 + Vg 2̂  140 f t / h r . 

Pulse Pump Pulse Pun?> 
Frequency A i ^ l i t u d e 

F A 
cpm. , i n . 

A-Ti - l8,liOG 

30,6 0.50 
58,6 0 ,50 
57 .li 1.00 
77 .9 1.00 
7 7 . 5 ' 1.50 

A T i - 3l;.0OC. 

30.14 0 ,50 
59.6 0.50 
58 .5 1.00 
77.U 1.00 
76.0 1.50 

/\T^ fi'38.0OC. 

30.6 0.50 
58,ii 0 ,50 
57.6 1,00 
75.0 1,00 
75 .5 1.50 

FA Product 

FA 
in/rain. 

1 5 . 3 ' 
29.3 
57.1; 
77 .9 

116 

15.2-
29.8 
58 .5 
77.U 

l l l i 

15 .3 
29.2 
57 .6 
75.0 

113 

Average Phase 
V e l o c i t i e s 

_ f t / h r i_ 

/In /ic 

15U 
300 
600 
800 

1200 

15l4 
300 
600 
800 

1200 

15U 
300 
600 
800 

1200 

155 
290. 
560 
760 

1100 

2^0 
560 
760 

1100 

155 
290 
560 
760 

1100 

Rat io 

V^C 

0,142 
0,35 
0,36 
0.I4O 
O.IiO 

0:39 
0,140 
0,l4l4 
0,36 
0,142 

0.143 
0,39 
0.38 
0.38 
0.36 



Appendix Table IB (continued) 

Run 
Nuniber 

168 
169 
170 
171 
172 

158 
159 
l6o 
161 
162 

163 
I6I4 
165 
166 
167 

131 
132 
133 
li4l 
168 

Total Sup, 
Velocity 

ft37hr-ft.2 

I4O.O 
39.I4 
39.I4 
39.9 
39.3 

39.0 
37.8 
38,2 
36,14 
39.7 

39.7 
39.2 
37.2 
38.7 
39.2 

I4O.2 
38.3 
140,1 
38,0 

Uco 

Diff. in Sup, 
Velocity 

f t3 /h r - f t ? 

O.I4 
- O.I4 
- 0,8 

0,3 
- 0 ,9 

0,14 
- 1,2 

2 .0 
- 1,2 

0,7 

1.7 
0 ,6 
0,8 
0 ,9 
0,2 

0 .0 
- 0.7 
- 0 , 1 
- 1,0 

0,l4 

VDAC 4" 1.0 

Vp + V(j "Ŝ  I4O ft /hr . 

Pulse Pump 
Frequency 

F 
cpm. ' 

a^I^^ 
.57.3 
-57.3 
76,6 
76.6 .^r-
57.14 
57.2 
76,6 
76.6 

57.2 
57.2 
76,6 
77.14 

Pulse Pump 
Amplitude 

A 
in. 

I8,3°a 
0,50 
0,50 
1,00 
1,00 
1.50 

311,000. 
0.50 
0,50 
1,00 
1,00-
1,50 

143.140C 
0,50 
0,50 
1,00 
1.00 
1.50 

standard Runs 
A T i ^ 
29 .1 
28.8 
29.0 
29.0 
28.6 

l8.1iOC. 
0.50 
0,50 
0.50 
0,50 
0,50 

FA Product Average Phase 

FA 
in/min;. 

II4.3 
28.7 
57.3 
76.6 

115 

II4.3 
28.7 
57.2 
76 .6 

115 

1I4.3 
28.6 
57.2 
76.6 

116 

1I4.5 
1U.I4 
1I4.5 
IU.5 
1I4.3 

Velocities 

150 
300 
600 
800 

1200 

150 
300 
600 
800 

1200' 

150 
300 
600 
800 

1200 

152 
151 
152 
152 
150 

ft/jm, 

13I4 
270 
5145 
730 

1100 

13U 
270 
5I45 
730 

1100 

13J4 
270 
5I45 
730 

1100 

137 
136 
137 
137 
13U 

Ratio 

^DAC 

1.02 
0.98 
0,96 
1.02 
0.96 

1.07 
O.9I4 
1.11 
O.9I4 
1.0i4 

1.09 
I.OI4 
I.0I4 
1.05 
1.01 

1.00 
0.92 
1.00 
0.95 
1.02 



Appendix Table IB (continued) 

Vj/Vc - 3.0 

Vn + V. /v Uo ft/hr. 

Run 
Number 

II47 
139 
II45 
II46 
135 
1 ^ 
II4I4 
136 
1U2 
137 
1143 
1I4O 

153 
15I4 
155 
156 
157 

1148 
1I49 
150 
151 
152 

To ta l Sup, 
Ve loc i ty 

ft5/hr-?t? 

I4I4.O 
146,8 
146,1 
I4I4.5 
I47.6 
146,6 
I4I4.7 
I47.3 
I47.O 
I47.2 
l45.i4 
I4I4.8 

I49.O 
I46.3 
U5.9 
I43.2 
U2.I4 

U 5 . 1 
I47.1 
I43.7 
I42.7 
U3.2 

Diff, i n Sup. 
Ve loc i ty 

Jj^-l^ 

21,8 
2l4,0 
2i4.1 
2 2 , 1 
23.8 
23.8 
23 .3 
23.7 
23.I4 
23.I4 
21,8 
21,6 

25.I4 
23.7 
23 .3 
22,0 
21,14 

23 .9 
25.7 
21,7 
21 ,5 
2 1 . a 

Pulse Pvaap 
Frequency 

F 
cpm. 

A T i ^ 
26,9 
27 .3 
2 7 . ^ 
26.7' 
56,2 
56 ,2 
56-,l4 
57 .3 
57 .0 
76,7 
76 .0 

'^^•0 A, .'^y 
56,3 
57.5 
76,5 
76.6 ^ 

56 .0 
57.0 
76,5 
76,2 

Pulse Bxanp 
An^ilitude 

A 
in . 

i8.5°a 
0.25 
0.50 
0.50 
0 .50 
0.50 
0,50 
0,50 
1,00 
1,00 
1.00 
1.00 
1.50 

31.00c. 
0 .50 
0,50 
1,00 
1,00 
1.50 

I4I4.00C. 
0.50 
0.50 
1,00 
1,00 
1,50 

FA Product 

FA 
In/min. 

6,7 
13.7 
13 .6 
13.14 
28 ,1 
2 8 , 1 
28,2 
57,3 
57 .0 
76,7 
76 ,0 

III4 

13.14 
28 .1 
57.5 
76,5 

115 

13.3 
28,0 
57 .0 
76 ,5 

III4 

Average Phase 
V e l o c i t i e s 

^ f t / h r ^ 

" D / I C 

79 
150 
150 
II48 
295 
295 
295 
600 
600 
800 
800 

1200 

1148 
295 
600 
800 

1200 

1145 
300 
600 
800 

1200 

5I4 
120 
120r 
118 
255 
255 
25f 
5140 
5I4O 
730 
730 

1100 

118 
255 
5140 
730 

1100 

117 
255 
5140 
730 

1100 

Ra t io 

V^C 

2.97 
3.10 
3.18 
2.98 
3.00 
3.08 
3.18 
3 .01 
2,97 
2.98 
2,85 
2,85 

3.16 
3.09 
3.06 
3.06 
3.03 

3.2I4 
3.I4I 
2.99 
3.00 
3.OI4 



Appendix Table IB (continued) 

Run 
Number 

188 
189 
190 

191 
192 
193 

I9I4 
195 
196 

197 
198 
199 

200 
202 
203 
20U 
205 
206 
201 

To ta l Svap. 
Veloc i ty 

Vn + Vp„ 
ft3?hr-f?2 

I4O.8 
i4l.7 
149.8 

U l . l 
i4l.8 
50 .3 

3 9 . 1 
143.1 
I49.7 

26.0 
39.9 
90.7 

I4I.2 
39.14 
39.I4 
3 9 . 1 
39.8 
39.5 
U5.8 

Diff , i n Sup, 
Ve loc i ty 

In - ^Cp 

f t 3 7 h r - f t 2 

O.I4 1 9 . 1 
28 .6 

0 . 1 
20 ,0 

29.7 

0 .3 
19.9 
29.7 

- 0.I4 
- 0 . 1 
- 1.5 

Special 

Pulse Puragp 
Frequency 

F 
cpm. 

57.14 
56 ,0 
55.6 

57.6 
56.1 
55.6 

57.U 
56,0 
55.I4 

57.14 
57.3 
57 .U 

. Runs 

Pulse Pump 
Anqplitude 

A 
i n . 

0 ,50 
0.50 
0.50 

0,50 
0.50 
0,50 

0,50 
0.50 
0.50 

0,50 
0.50 
0,50 

FA Product 

FA 
in/min. 

28,7 
28,0 
27,8 

28.8 
28,0 
27.8 

28,7 
28.0 
27.7 

28.7 
28.7 
28.7 

Reversed D i r e c t i o n of Heat Transfer Runs 

-18.8 
- I.I4 

0 , 1 
- 0 , 1 

0,8 
0 ,3 

23.8 

58.5 
57.6 
28.7 
57.5 
76,5 
77.5 
56,l4 

0.50 
0,50 
0,50 
1.00 
1.00 
1,50 
0,50 

29.3 
28.8 
II4.3 
57.5 
76.5 

116 
28.2 

Average Phase 
V e l o c i t i e s 

^ f t / h r 

/ I D 

300 
300 
300 

300 
300 
300 

300 
300 
300 

300 
300 
300 

300 
300 
150 
600 
800 

1200 
300 

/ In 

270 
255 
250 

270 
255 
250 

270 
255 
250 

270 
270 
270 

290 
270 
136 
^kS 
730 

1100 
255 

Rat io 

^DAQ 
Xf \ / 

1.02 
2.70 
3.69 

1.01 
2.82 
3.87 

1.01 
2.70 
3.99 

0.97 
1.00 
0.97 

0.37 
0.92 
0 . 0 1 
0.99 
I.0I4 
1.02 
3.16 

ro 
H 
NO 
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Appendix Table IC^ Data of Barlage - Measured temperatxire conditions 

Run 
Nximber 

173 
17i4 
175 
176 
177 

178 
179 
180 
181 
182 

183 
1814 
185 
186 
187 

Benzene 

T-=^-D2 

( in ) 

32.10 
31.95 
31.95 
32.25 
32.10 

32.10 
31.95 
31.80 
31.85 
31.90 

32.10 
32.05 
32.10 
32.10 
32.10 

V^C 
VD ^ Vc ^ 

-̂  0,38 

= I4O f t / h r . 

Temperatures (^C) 

TD2 

( in ) 

33 .61 
33 .71 
33 .81 
3I4.31 
33.97 

31+.78 
314.71 
3U.30 
3i4.33 
3i4.71 

3I4.7I 
3U.78 
35.22 
35.145 
35.59 

T 
Dl 

(out) 

iS.liOC. 

51 .01 
51.28 
51.07 
50.79 
5o.li5 

3U.o°c, 

66.97 
67.30 
66.93 
66.97 
66.62 

38.0^0. 

73.03 
71.12 
70.90 
70.92 
71.18 

Water Temperatures (°C) 

^Cl 

( in ) 

52 ,01 
52.03 
52.03 
5l .9 l i 
51 .91 

68.76 
68.76 
68.83 
68.83 
68.83 

73.09 
73.21 
73 .11 
73.18 
71;,30 

T 
C2 

(out) 

W . 7 1 
i|8.99 
I47.96 
ii7.55 
Ii8.0l4 

62.99 
62,72 
59.60 
60,00 
60.I45 

6I4.98 
65,140 
63.17 
63.77 
63.llil 

2 3 ii 
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Appendix Table IC (continued) 

VEAC - 1.0 

Vj) + VQ - I4O ft/hr, 

Benzene Temperatures (°C) Water Temperatures ("C) 

T T T T 
•̂ D2 Dl CI C2 

(in) (out) (in) (out) 

ATi = 18.3°C 

33.09 50.59 51.58 I4I4.20 
33.18 50.70 51.63 l4l4,29 
33.27 50.145 51.58 I43.25 
33.29 50.27 51.58 U3.3I; 
33.68 1;9.75 51.58 Uii.OO 

A T i = 314.o°& 

33.7I4 65.98 67.88 53.70 
3I4.OO • 66.28 68.014 Bh,99 
33.90 65.82 68.07 51.76 
3I4.05 65.32 67.95 52.63 
33.98 6I4.I7 67.62 52.38 

A T i ^ h3.k°G. 

3I4.20 72.I42 77.60 56.66 
33.95 72.I4O 77.35 57.89 
33.97 71.69 77.20 55.72 
33.90 71.59 77.35 55.80 
33.99 71.08 77.140 55.90 

Standard Runs 
A T i ^18,14°C. 

131 31.30 32.95 50.80 51.70 I4I4.II4 
132 30.80 30,88 I49.23 51.13 142.62 
133 33.ii5 3I4.IO 50.88 51.71 I4I4.82 
1I4I 32.90 33.90 52.52 53,814 I46.22 
168 32,20 33.09 50,59 5lo58 l4l4,20 

Run 
Number 

168 
169 
170 
171 
172 

158 
159 
160 
161 
162 

163 
I6I4 
165 
166 
167 

T*D2 

(in) 

32.20 
32.20 
32.20 
32.20 
32.10 

32.I45 
32.50 
32.50 
32.U5 
32.U5 

32.60 
32.25 
32.20 
32.20 
32.20 

'4' 
' - I. J 
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Appendix Table IC (continued) 

rv Vj/Vc • 3.0 

Vjj + Vc fi" 140 ft/hr. 

Benzene Temperatures (°C) Water Temperatures (°C) 

^^ ^*D2 ^D2 ^Dl ^Cl ^C2 

Number (in) (in) (out) (in) (out) 

A T i « 18.5°C. 

Ii47 31.20 31.50 147.18 50.149 33.55 
139 32.70 33.30 145.38 51.22 35.72 
1145 31 .10 31.140 I45.7O 50,33 33.82 
1146 31.15 31.51 146,18 50,12 3I4.32 
135 214,60 32,72 I45.22 I49.33 35.68 
138 32.70 33.32 l4i4.90 50,89 35.80 
1I4I4 31.00 31.I47 l4i4.80 50,22 35.22 
136 32,75 33.05 I45.25 I49.72 35.18 
1142 30,90 31.37 I4I4.82 5O0OO 3I4.88 
137 32,20 33.05 145.140 I49.66 35.06 
1143 30 .90 3I.I45 I45.51 50.69 37.02 
II4O 3I.I45 32.28 I45.I43 50.83 36,514 

A T i = 31.0°C. 

153 32.10 32.61 56.22 65.55 36.28 
15I4 32.10 32,62 5I4.98 65.61 37.I49 
155 32,10 32,61 53.88 63.19 37.22 
156 32.05 32.61 514.20 614,89 38,35 
157 32,00 32,66 52,31 62,62 38,98 

A T i '^ l4l4.0°C. 

1148 32.30 32.80 63.58 75.30 37.02 
1149 32.30 32.80 62.95 78.65 37.60 
150 32.1iO 33.02 65,514 80.10 I4O082 
151 32,140 33.03 61i.l45 79,80 I4I.03 
152 32.70 33.143 62.79 80.0I4 I4I4.17 

; , : . ' j ' ^ 
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Appendix Table IC (continued) 

Special Runs 

Benzene Temperatures (°C) Water Temperatures (°C) 

Rim 
Number 

188 
189 
190 

191 
192 
193 

19U 
195 
196 

197 
198 
199 

^ ^ 2 

(in) 

30.30 
30.35 
30. Uo 

i;3.95 
UU.35 
UU.60 

55.90 
57.10 
57.70 

32.90 
33.30 
33.60 

T 
D2 

(in) 

30.88 
30.65 
30.59 

U5.58 
i45.77 
U5.90 

58.18 
58.90 
59.21 

33.80 
33.99 
3I1.IO 

T 
Dl 

(out) 

ho.36 
37.75 
36.5ii 

5U.17 
50.99 
U9.8U 

67.20 
6I1.30 
62.50 

U2.35 
li3.39 
UU.22 

^Cl 

(in) 

1;0.79 
iiO.25 
liO.23 

55.10 
53.30 
52.99 

68.77 
67.16 
65.63 

i;3.20 
U3.98 
hh.\x2 

T 
C2 

(out) 

36.83 
33.06 
32.02 

50.85 
I46.6I; 
i;7.66t 

63.67 
59.58 
6o ,76 | 

38,86 
39.80 
U0.92 

Reversed Direction of Heat Transfer Runs 

200 
202 
203 
20I1 
205 
206 
201 

ii9.20 
50.30 
50.30 
50.25 
50.20 
50.60 
51.10 

i;8.23 
50.27 
50.29 
50.16 
50.06 
h9.99 
51.U5 

32.I4I 
33.05 
32.77 
32.95 
33.06 
33.U3 
37.79 

32.56 
32.51 
32.51 
32.51 
32,57 
32.61 
32.50 

3hM 
38,62 
38,86 
38.11 
38.11 
38.15 
i|6.21 

>>Corrected water outlet temperatures. 
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Appendix Table ID. Data of Barlage 

Calculated temperature conditions 

Vj3/V(,^o.3Q 

Run 
Number 

173 
171; 
175 
176 
177 

178 
179 
180 
181 
182 

183 
181; 
185 
186 
187 

Vn + V, rv kO f t /hr . 

A^i 

0.89 
0.75 
0.96 
1.15 
1.1;6 

1.79 
1.1;6 
1.90 
1.86 
2.21 

2.06 
2.09 
2.21 
2.26 
3.12 

°c. 

15.10 
15.28 
U;.l5 
13.21; 
li;.07 

28.21 
28.01 
25.30 
25.67 
25.71; 

30.27 
30,62 
27.95 
28,32 
27.85 

A^i 

ĉ. ĉ. 

ATi = i8,U°c. 

5.01 9.02 18.Uo 
1;.85 8.73 18.32 
1;.96 8.93 18.1;9 
h.9h 8.89 17.63 
5.56 10.00 17.91; 

rv ATi = 3l;.ooc. 

9.57 
8.97 

17.23 
16.15 

9.03 16.25 
9.06 16.31 
9.58 17.21; 

33.98 
31;. 05 
31;. 53 
31;. 50 
3l;.12 

A T i = 38.0°a 

10.i;9 18.88 
10.62 19.12 
10.11; 18,25 
10.30 18,51; 
11.28 20.30 

38.38 
38,1;3 
37.89 
37,73 
38,71 

Room 
Temperature Differences 

TC1-TDI TC2-TE2 A T M ATlm •^cr'^T^2 

Average Phase 
Temperature Temperatures, C-

Benzene Water 

-Da ^Ga-

30,2 
30.1 
29.5 
28.8 
28.7 

28.5 
27,8 
26.7 
26.8 
26.7 

26,8 
26,9 
27.1 
26,8 
26,6 

1;2.1; 
1;2,5 
l;2.i; 
1;2.6 
1;2,2 

51,0 
51.0 
50.6 
50.7 
50.7 

52.9 
53oO 
53.1 
53.2 
53.1; 

50.1; 
50,5 
1;9.9 
1;9.7 
50,0 

67,0 
65.7 
6U,2 
61;.6 
61;. 6 

69.1 
69,8 
69,2 
68.9 
68,9 



Appendix Table ID (continued) 

225 

V^C ru 1.0 

Run 
Number 

168 
169 
170 
171 
172 

158 
159 
160 
161 
162 

163 
161; 
165 
166 
167 

131 
132 
133 
11;1 
168 

Vj) + VQ - UO f t /h ] 

Temperature Differences 

^G1"'^D1 

A T I 

0.99 
0.93 
1.13 
1.31 
1.83 

1.90 
1.76 
2.25 
2.63 
3.1;5 

5.18 
1;.95 
5 .51 
5.76 
6.32 

0.90 
1.90 
0.83 
1.32 
0.99 

. Tc2"^D2ATlm A^im '^CV'^m 

Ah 

11.11 
11.11 

9.98 
10.05 
10.32 

19.96 
20.99 
17.86 
18.58 
18 . ho 

22.1;6 
23.91; 
21.75 
21.90 
21.91 

11.19 
11.71; 
10.73 
12.32 
11.11 

ATi 

°C. °F, °C. 

A T i '^ 18.3°C. 

1;.18 7.52 18.1;8 
U.l;7 8.05 18.U5 
1;.06 7 ,31 18 .31 
1;.28 7.70 18.29 
i;.90 8.82 17.90 

A T i - 3l;.0OG. 

7.66 13.79 33.11; 
7 .75 13.95 31;.OU 
7.53 13.55 31;.17 
8.16 IU.69 33.90 
8.91 16.01; 33.61; 

^ T i '^ i;3.1;°C. 

11.75 21,15 1;3.1;0 
12 .03 21.65 1;3.1;0 
11.82 21,28 1;3.23 
12.08 21.71; 1;3.1;5 
12,53 22.55 U 3 . U 

s tandard Runs 
A T i ' ^18 .1°G. 

ii,08 7.31; 18.75 
5,1;0 9.72 20.25 
3.86 6.95 17 .61 
l;o92 8.86 19.91; 
1;.18 7,52 18,1;8 

r. 

Room 
Temperature 

Tr 

°C. 

30,7 
30.2 
29.5 
29,3 
28.7 

32.7 
30.0 
32.1; 
32.8 
32.1; 

33 .1 
29.5 
30.9 
30.5 
30.7 

23.3 
22,2 
26,2 
23o8 
30.1; 

Average 5 Phase 
Temperatures , G , 

Benzene 

T 
Da 

1;1,8 
1;1.9 
1;1,9 
1;1.8 
1;1.7 

1;9.8 
50 .1 
k9.9 
h9.7 
k9.1 

53.3 
53.2 
52.8 
52.7 
52.6 

h i . 9 
UO.I 
1;2.5 
1;3.2 
1;1.8 

Water 

T 
^Ga 

1;7.7 
1;8.0 
1;7.1; 
hS.O 
1;7.8 

60.8 
61,5 
^9.9 
62.8 
60.0 

67 .1 
67.6 
66.5 
66.6 
66,2 

h7.9 
1;6.9 
1;8.3 
^0.0 
1;7.7 

J 12 4 1 
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Appendix Table ID (continued) 

V^C * 3.0̂  

Vp + VQ - ho ft/hr. 

Room Average Phase 
Temperature Differences Temperature Temperatures,°C. 

^Cl-^Dl ^C2-TD2 ATlm A^lm ^01-^02 "̂ r benzene Water 

A Ti A T 2 A T i 
Run T„_ T, 

Number °G, °G. °G. °F. °G. °C. 
Da Ga 

lh7 
139 
Ih5 
lh6 
135 
138 
Ihh 
136 
lh2 
137 
lh3 
iho 

153 
l5h 
155 
156 
157 

lh8 
lh9 
150 
151 
152 

3.31 
5.8h 
h.63 
3.9h 
h.ll 
5.99 
5.h2 
h.h7 
5.18 
h.26 
5.18 
5.ho 

9.33 
10,63 
9.31 
10.69 
10.32 

11.72 
15.70 
lh.65 
15.35 
17.25 

2.05 
2.2h 
2.h2 
2,81 
2.96 
2.h8 
3.75 
2.13 
3.51 
2.01 
5.57 
h.26 

3.67 
h.87 
h.6l 
5.7h 
6.32 

h.22 
h.80 
7.80 
8.00 
10.7h 

A 
2.62 
3.76 
3.ho 
3.3h 
39h9 
3.98 
h.53 
3.15 
h.29 
3.00 
5.29 
h.76 

A 

T^ ̂  18,5°C. 

h.71 
6.77 
6,12 
6,01 
6,28 
7,16 
8.15 
5.68 
7.72 
5.39 
9.52 
8.56 

18.99 
17.92 
18,93 
18.61 
16.61 
17.57 
18.75 
16.67 
18,63 
16.61 
19.2h 
18,55 

Tĵ  S" 31.00G. 

6.05 10.89 
7.35 13.23 
6.69 12.Oh 
7.96 lh.32 
8.15 lh.67 

A 
7.33 

32.9h 
32.99 
30.58 
32.28 
29.97 

Ti = hh.O°C. 

13.19 
9.18 16.53 
10.85 19.53 
21.27 20.29 
13.72 2h.69 

h2.50 
h5.85 
h7.08 
h6,77 
h6.6l 

30.h 
2h.8 
29.0 
30.1 
32.5 
2h.8 
28.7 
23.3 
2h,6 
23.1 
2h,9 
25.9 

30.0 
30.1 
30.h 
30,2 
29.5 

32.8 
32.8 
32.9 
32.0 
3h.2 

39.3 
39.2 
38.6 
38.8 
39.0 
39.1 
38,6 
39.2 
38.1 
39.3 
38.5 
38.9 

hh.h 
h3.8 
h3.5 
h3.5 
h2,5 

h8,2 
h7.9 
h9.3 
he.7 
h8.1 

h2,0 
h3,5 
h2,l 
h2,2 
h2o5 
h3.3 
h2.7 
h2,h 
h2,h 
h2,h 
h3.9 
h3.7 

50.8 
51.6 
50.2 
51.6 
50.8 

56.2 
58.2 
60.5 
60.h 
62.1 

;:^2 
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Appendix Table ID (continued) 

Special Runs 

Temperature Differences 

T C 1 - T D I TC2-TD2 A ^ l m A'^lm ^01-^02 

A^i Ah A^i 
Run 

Number °G. OG. °G. °F. °G. 

Room Average Phase 
Temperature Temperaturesi°C. 

T_ Benzene Water 

Da 

'G. 

Ca 

188 
189^> 
190 

191 
192 
193S 

19h 
195^ 
1961 

197 
198 
199 

200 
202 
203 
20h 
205 
206 
201 

0.h3 
2.50 
3.69 

0.93 
2.31 
3.15 

1.57 
2.86 
3.13 

0.85 
0.59 
0.20 

] 

+0.15 
-o.5h 
-0.26 
-O.hh 
-0.h8 
-0.82 
-5.20 

5.98 
2.hi 
l.h3 

5.27 
0.87 
1.76 

5.h9 
0.68 
1.55 

5.06 
5.81 
6.82 

Reversed 

-13.39 
-11.65 
-ll.h3 
-12.05 
-11.95 
-11.8h 
- 5.2h 

2.11 
2.h6 
2.38 

2.8h 
l.h7 
2.38 

3.13 
1.51 
2.25 

2.36 
2.28 
1.87 

3.79 
h.h3 
h.28 

5.12 
2.65 
h.29 

5.63 
2.73 
h.05 

h.2h 
h.io 
3.37 

Direction of 

3.61 
2.95 
3.50 
3.56 
h.l2 
h.3h 

6.51 
5.31 
6.31 
6.h2 
7.h2 
7.81 

9.91 
9.60 
9.6h 

9.52 
7.53 
7.09 

10.59 
8.26 
6.h2 

9.ho 
9.99 

10.32 

30.0 
30.2 
30.2 

27.h 
27.7 
27.7 

27.5 
27.h 
27.2 

29.h 
29.h 
29.0 

Heat Transfer Runs 

-15.67 
-17.76 
-17.78 
-17.65 
-17.h9 
-17,38 
-18.95 

28.3 
28.3 
28.8 
28.8 
28.7 
29.3 
29.2 

35.6 
3h.2 
33.6 

h9.9 
h8.9 
h7.9 

62.7 
61.6 
60.9 

38.1 
38.7 
39.2 

ho. 3 
hi.7 
hl.5 
hi. 6 
hi.6 
hl.7 
hh.6 

38.8 
36.7 
36.2 

53.0 
50.0 
50.0 

66.2 
63.h 
62.1 

hl.O 
hl.h 
h2.1 

33.7 
35.6 
35.7 
35,3 
35.3 
35,h 
39.h 

•{̂ Average value ( A T3_-^AT2)/2 

^Corrected value of water ou t le t temperature used in calcula t ions . 

i c5 



228 

Appendix Table IE. Data of Barlage - Rates of heat transfer 

V^G ' °*̂ ^ 

Run 

V^ + V^ ̂  ho ft/hr. 

Benzene Phase, Btu/hi: Water Phase, Btu/hr. 

qD % 

Number 

173 
17h 
175 
176 
177 

178 
179 
180 
181 
182 

183 
I8h 
185 
186 
187 

172 7 
lh7 7 
lh8 7 
I5h 7 
153 7 

ê % % % % 'I* % â 

Results 

Â-=̂  

3 of Heat Balances 

Aq 
Btu/hr. Btu/hr. Btu/hr. 

A T i ^l8.h°C. 

8 165 173 208 13 11 186 180 
23 iho 163 195 13 Ih 170 167 
32 ihl 173 258 13 16 231 202 
37 lh7 I8h 275 Ih 19 2hh 21h 
h6 lh6 192 2hh Ih 17 216 20h 

A T i = 3h.0°G. 

293 16 h2 277 319 36l 25 2h 31h 320 
296 16 115 280 395 368 25 2h 321 358 
368 16 161 352 513 628 25 27 578 5h6 
361 16 197 3h5 5h2 728 25 27 678 610 
337 16 23h 321 6S^ 537 25 29 h86 521 

A T ^ = 38.0°G 

388 19 111 369 h80 532 30 27 h77 h79 
356 19 162 337 h99 523 30 26 h69 h8h 
326 19 228 307 $3^ 629 30 28 563 5h9 
319 19 268 300 568 6oh 30 29 5h'7 558 
319 19 3h2 300 6h2 720 30 30 663 653 

+ 21 
+ 30 
+ 90 
+ 97 
+ 70 

+ 37 
+ hi 
+226 
+333 
+165 

+108 
+132 
+256 
+2h7 
+363 

+ 13 
+ 7 
+ 58 
+ 60 
+ 2h 

- 5 
- 7h 
+ 65 
+136 
- 69 

- 3 
- 30 
+ 28 
- 21 
+ 21 

% error 

+ 7.2 
+ h,2 
+28.7 
+28,0 
+11,8 

- 1,6 
-20.7 
+11,9 
+22.3 
+13.2 

- 0.6 
- 6,1 
+ 5.1 
- 3.8 
+ 3,2 

In the calculation of the above rates of heat transfer, it was assumed 
that qp-p = 0 for both the benzene and water phases. For the water 
phase, q^ was assumed to be 2Btu/hr„ 

' " • • / . / 



Appendix Table IE (continued) 

229 

VQ + V^ - ho f t/hr. 

Benzene Phase, Btu/hc Water Phase^ Btu/hr. Results of Heat Balances 

Run 

Number 

168 
169 
170 
171 
172 

158 
159 
160 
161 
162 

163 
I6h 
165 
166 
167 

131 
132 
133 
Ihl 
168 

% % 

280 7 
270 7 
261 7 
270 7 
2hh 7 

ê b̂ qb Ĉ \ q* ̂ c 

ATi ^18.3°C 

11 273 28h 313 9 Ih 292 
16 263 279 312 13 15 286 
23 25h 277 358 13 16 331 
27 263 290 3h8 13 17 320 
33 237 270 325 13 2h 291 

^Ti^3h90OC 

518 15 h7 503 550 570 18 20 53)t 
h70 15 70 h55 525 5h2 20 21 503 
510 15 98 h95 593 629 16 22 593 
hho 15 115 h25 5h0 6l0 18 22 582 
h85 15 lh2 h70 612 630 16 2h ^93 

ATi'^h3.h°( 

630 20 96 610 706 8hh 22 25 799 
608 20 lh2 588 730 795 26 26 7h5 
570 20 200 550 750 83h 23 26 787 
S9S 20 235 575 810 865 23 26 818 
581 20 291 561 852 888 23 27 8hl 

283 7 
267 7 
266 7 
272 7 
280 7 

Standard Runs 
A Ti '^l8.h°C 

11 277 288 32h 16 26 28h 
11 260 278 362 16 1 3h9 
11 259 270 296 13 10 275 
11 265 276 318 19 Ih 290 
11 273 28h 313 9 Ih 292 

'̂a Aq* 
Btu/hr. Btu/hr 

288 
283 
30h 
305 
281 

5h2 
5lh 
593 
561 
603 

1 

752 
738 
769 
8lh 
8h7 

. 

286 
317 
273 
283 
288 

+ 1 9 
+ 23 
+ 77 
+ 57 
+ 5h 

+ 31 
+ h8 
+ 98 
+157 
+123 

+188 
+157 
+237 
+2h3 
+280 

+ 7 
+ 89 
+ 16 
+ 25 
+ 19 

Aq 
Btu/hr. 

+ 8 
+ 7 
+5h 
+30 
+21 

-16 
-22 
- 0 
+h2 
-19 

+92 
+15 
+37 
+ 8 
-11 

- h 
+78 
+ 5 
+lh 
+ 8 

% error 

+ 2.8 
+ 2,5 
+17.8 
+ 9,8 
+ 7,5 

- 3,0 
- h.3 
0,0 

^^7,5 
- 3.2 

+12,2 
+ 2.0 
+ h.8 
+ 1.0 
- 1,3 

- loh 
+2h.6 
+ 1,8 
+ h99 
+ 2.8 

In the above calculations of rates of heat transfer, it was assumed that 
Ppjp = 0 for both the benzene and water phases. For the water phase, q^ 
was assumed to be 2Btu/hr„ 

;:43 



230 

Appendix Table IE (continued) 

VVp ^3.0 'CC 

Run 

Vj) + VQ '- ho ft 

Benzene Phase. Btu/hc Water Phase. 

qD ^B qe 

Number 

lh7 
139 
lh5 
lh6 
135 
138 
Ihh 
136 
lh2 
137 
lh3 
Iho 

153 
I5h 
155 
156 
157 

lh8 
lh9 
150 
151 
152 

h07 
338 
397 
386 
3^3 
322 
361 
3h3 
37h 
3hh 
372 
352 

688 
620 
58h 
556 
h95 

8h2 

5 3 
5 h 
5 h 
5 h 
5 6 
5 6 
5 6 
5 9 
5 9 
5 10 
5 10 
5 13 

10 10 
9 15 
8 21 
9 25 
8 31 

Ih 27 
870 13 39 
8hh 15 ^9 
800 15 69 
757 13 86 

qf qb qc qi 'î  qc 

ATi^l8.5°C 

h02 h05 hoh 6 8 392 
333 337 380 12 17 353 
392 396 391 7 8 378 
381 385 380 6 9 367 
3h8 35h 3h9 11 6 33h 
317 32h 369 12 17 338 
356 362 3hh 8 10 328 
338 3h7 369 12 8 352 
369 378 38h 11 13 362 
339 3h9 371 12 7 35h 
367 377 3h6 12 Ih 320 
3h7 360 356 11 22 326 

/\Ti ̂  31.0°G 

678 688 735 12 15 710 
611 626 680 13 Ih 655 
576 597 625 13 Ih 600 
5h7 572 602 12 ih 578 
h87 518 531 13 16 505 

AT. ^hh.0°C 

828 855 866 ih 13 8h2 
853 892 933 15 Ih 906 
829 888 915 16 16 881 
785 85h 877 17 I6 8h6 
7hh 830 819 15 18 789 

/hr, 

Btu/hr. 

'la 

Btu/hr 

* 

399 
3h5 
387 
376 
3hh 
332 
3h5 
350 
368 
352 
3h9 
3h8 

699 
6hl 
S99 
575 
512 

85h 
899 
885 
850 
810 

Results 

Aq* 
•. Btu/hr. 

-10 
+20 
-Ih 
-ih 
-ih 
+21 
-28 
+ih 
- 7 
+15 
-h7 
-21 

+32 
+hh 
+2h 
+31 
+18 

+lh 
^^3 
+52 
+61 
+h5 

of Heat Balances 

Aq 
Btu/hr. 

-13 
+16 
-18 
-18 
-20 
+15 
-3h 
+ 5 
-16 
+ 5 
-57 
-h3 

+22 
+29 
+ 3 
+ 6 
-13 

-23 
+lh 
- 7 
- 8 
-hi 

% error 

- 3.2 
+ h.6 
- h.6 
- h.8 
- 5.8 
+ h95 
- 9.8 
+ l.h 
+ h93 
+ l.h 
-16,3 
-12, h 

+ 3.1 
+ h.5 
+ 0.5 
+ 1,0 
- 2.5 

- 2,7 
+ 1,6 
- 0,8 
- 0,9 
- 5,1 

In the calculation of the above rates of heat transfer, it was assumed 
that qp-p =0 for both the benzene and water phases. For the water 
phase, q was assumed to be 2Btu/hr„ 

L -'it) 
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Appendix Table IE (continued) 

Special Runs 

Benzene Phaser Btu/hr Water Phase. Btu/hr. Results of Heat Balances 

Run 
Number 

188 
189 
190 

191 
192 
193 

19h 
195 
196 

197 
198 
199 

^L % % 

153 3 5 
171 2 3 
I8h 2 2 

Ihl 9 22 
128 7 11 
126 7 9 

lh2 17 82 
136 16 h7 
105 Ih 28 

87 h 6 
lh8 h 7 
335 5 8 

q§ % % qi q* qc 

150 155 171 5 9 159 
169 172 17h 3 7 166 
182 l8h 187 3 5 181 

132 l5h 186 17 27 Ihh 
121 132 155 17 3h 106 
119 128 158 13 hi 107 

125 207 210 26 36 150 
120 167 188 23 h5 122 
91 119 151 22 h8 83 

83 89 12h 7 9 110 
Ihh 151 179 7 11 163 
330 338 3h7 7 16 326 

qa 

Btu/hr 

157 
169 
183 

lh9 
119 
118 

179 
lh5 
101 

100 
156 
332 

Aq^ 
. Btu/hr. 

+ 9 
- 3 
' 1 

+12 
-15 
-12 

+25 
+ 2 
+ 8 

+33 
+19 
- h 

Aq 
Btu/hr. 

+ h 
. 6 
- 3 

-10 
-26 
-21 

-57 
-h5 
-36 

+21 
+12 
-12 

% error 

+ 2.5 
- 3.6 
- 1.6 

- 6.7 
-21.8 
-17 08 

-3I08 
-3I0O 
-35.6 

+21,0 
+ 7.7 
+ 3.6 

Reversed Direction of Heat Transfer Runs 

200 
202 
203 
2 oh 
205 
206 
201 

Iho 
255 
268 
263 
273 
259 
372 

1 
1 
1 
1 
1 
1 
2 

3 
2 
1 
3 
h 
5 
3 

Ihl 138 lh7 
256 25h 268 
269 268 26h 
26h 261 236 
27h 270 232 
260 255 232 
37h 371 323 

3 9 139 
h 1 271 
h 0 266 
h 1 237 
h 2 232 
h 10 22h 
6 10 317 

lh2 
263 
267 
2h9 
2hl 
2hO 
3hh 

- 2 
+15 
" 3 
-27 
-h2 
-36 
-57 

+ 1 
+17 
- 2 
-2h 
-38 
-31 
-5h 

+ 0.7 
+ 6.5 
- 0.7 
- 9.6 
-15 ol 
-12.9 
-15,7 

In the calculation of the above rates of heat transfer, it was assumed 
that qpp = 0 for both the benzene and water phases. For the water 
phase, q^ was assigned to be 2Btu/hro 
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Appendix Table IF, Data of Barlage 

Calculated heat transfer responses 

Run 
Number 

173 
17h 
175 
176 
177 

178 
179 
180 
181 
182 

183 
I8h 
185 
186 
187 

Number of Transf 

Benzene 

l oD 

3.50 
3.62 
3.h8 
3.3h 
2.96 

3.36 
3.63 
3 .61 
3 .60 
3.33 

3.h6 
3.h2 
3.50 
3 .h6 
3.16 

Vi3/Vc ^ 0 , 3 8 

Vj3 + V̂  

'er Uni ts 

Water 

loc 

ATi 

0.5h5 
0.h72 
0.h70 
0.h98 
0.h35 

ATi 

0.h89 
0.5h0 
0.599 
0.h83 
0.523 

ATi 

0.56h 
0.501 
0,h90 
0.h67 
0.h26 

, ^ h O f t / h r . 

Heights of Transfer 

Benzene 

HOUoj3 

f t 

^ l 8 , h ° G . 

0.387 
0,37h 
0.389 
0.h05 
0.h57 

'^3h9 0°G. 

o.h03 
0.373 
0,375 
0.376 
0,h07 

^38,OOC. 

0.391 
0.396 
0.387 
0.391 
0,h28 

Water 

HQUQC 

f t . 

2,h8 
2.87 
2,88 
2,72 
3.11 

2.77 
2„5l 
2.26 
2.80 
2.59 

2,ho 
2,70 
2,76 
2,89 
3.18 

Units Overal l 
Heat Trans. 
Coef f ic ien t 

B tu /h r -0F- f t3 . 

76h 
733 
867 
922 
782 

712 
8h9 

1287 
lh33 
1158 

972 
970 

1152 
1153 
1232 

:.y.cS 
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Appendix Table IF (continued) 

Run 
Number 

168 
169 
170 
171 
172 

158 
159 
l6o 
161 
162 

163 
l6h 
165 
166 
167 

131 
132 
133 
Ihl 
168 

Number of Transi 

Benzene 

loD 

h.l9 
3.92 
h.23 
3.97 
3.28 

h.21 
h.l6 
h.2h 
3.83 
3.39 

3.25 
3.20 
3.19 
3.12 
2.96 

h.38 
3.39 
h.3h 
3.78 
h.l9 

V^c '̂  1-0 
VD + V( 

'er Units 

Water 

loc 

ATi 

1.58 
l.h2 
l.h9 
l,h9 
1.16 

ATi 

1.68 
l.h6 
1.76 
1,35 
1.31 

ATi 

1.33 
l,2h 
].25 
1.22 
1.12 

. ̂  ho ft/hr 

Heights of 

Benzene 

^^^OD 

ft 

^ 18,3°C. 

0.323 
0.3h5 
0.320 
0,3hl 
0.hl3 

^ 3h,0°G. 

0,322 
0,325 
0.319 
0.35h 
0.399 

^h3.h°C. 

0.hl7 
0.h23 
0,h2h 
0.h3h 
0.h57 

Standard Runs 
ATi 

1.85 
1.58 
1.78 
1.55 
1.58 

= l8,h°C. 

0.309 
O.hOO 
0.312 
0.359 
0.323 

• 

Transfer Units Overall 

Water 

H9Uoc 

ft. 

Oo857 
0,95h 
0.909 
0.909 
1,17 

0.806 
0,927 
0.769 
1.00 
1,03 

1.02 
1.09 
1.08 
l o l l 

lo21 

0,732 
0,860 
0.760 
0,875 
0,857 

Heat Transo 
Coefficient 

\ 

Btu/hr-OF-ft^ 

lh67 
13h7 
1593 
1518 
1221 

1506 
lhl2 
1677 
lh63 
IhlO 

1362 
1306 
138h 
lh3h 
lh39 

lh93 
1250 
1505 
122h 
lh67 

:.; ̂ . 5^ 
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Appendix Table IF (continued) 

Run 
Number 

lh7 
139 
lh5 
lh6 
135 
138 
Ihh 
136 
lh2 
137 
lh3 
Iho 

153 
i5h 
155 
156 
157 

ih8 
lh9 
150 
152 
152 

V^C - 3.0 

V D ^ ^ ( 

Number of Transfer Units 

Benzene 

4D 

5.98 
3.21 
h.21 
h.39 
3.58 
2.80 

2.9h 
3.86 

3.1h 
h.lO 
2.65 
2.76 

3.90 
3.Oh 
3.18 
2.71 
2.hi 

h.20 
3.28 
2.99 
2.79 
2.1h 

Water 

loc 

AT. 

6.5h 
h.l2 
h.92 
h.80 
3.91 
3.90 
3.h8 
h.60 
3.52 
h.85 
2.57 
3.00 

ATi 

h.53 
3.h8 
3.62 
3.07 
2,71 

A T i 

5.00 
h.ih 
3.31 
3.11 
2.h2 

3 ̂  ho ft/hr 

Heights of 

Benzene 

H9Uo^ 

ft. 

^18.5°C. 

0.226 
0.h22 
0,322 
0.308 
0,378 

0.h83 
0.h6l 

0.351 
0.h31 
0.330 

0.511 
0.h91 

^ 31.00a 

0.3h7 
0.hh5 
0.h26 
0,500 
0.561 

= hh.o°a 

0.322 

0,hl3 
0.h53 
0.h85 
0.632 

Transfer Units Overall 

Water 

OG 

ft. 

0.207 
0.329 
0.27h 
0.282 
0.3h6 

0.3h7 
0.389 
0.29h 
0.38h 
0.280 

0.527 
0.h5l 

0.299 
0.389 
0.37h 
O.hhl 
0.500 

0.271 
0.327 
0.h09 
0.h35 
0.560 

Heat Trans. 
Coefficient 

U 
a 

Btu/hr-°F-ft^ 

32h6 
1952 
2h23 
2397 
I8hl 
2026 
I8h6 

I6h5 
2h82 

17 h7 
Ihoi 
1557 

2h59 
1856 
1906 
1538 
1337 

2h8l 
208h 
1736 
1605 
1257 

;:i>0 
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Appendix Table IF (continued) 

Run 
Number 

188 
-̂189 
190 

191 
192 
$193 

19h 
„195 
*196 

197 
198 
199 

Number of 

Benzene 

loD 

h.h6 
2.89 
2.50 

3.02 

1.66 

2.88 
3.58 
l.h6 

3.62 
h.l2 
5.hl 

Special Runs 

Transfer Units 

Water 

loc 

1.67 
2.87 
3.39 

l.lh 
3.69 
1.62 

1.10 
3.63 
1.19 

1.30 
1.51 
1,81 

Heights of 

Benzene 

ft 

0.30h 
0.h68 
0.5h2 

0.hh8 
0.381 
0.816 

0.h70 
0.378 
0.927 

0.37h 
0.329 
0.250 

Transfer 

Water 

HQU^^ 
OC 

ft. 

0.811 
0.h71 
0.399 

1,19 
0.367 
0.83h 

1.23 
0.373 
1.11 

i.oh 
0.897 
0.7h8 

Units Overall 
Heat Trans. 
Coefficient 

U 
a 

Btu/hr-°F-ft^ 

1587 
lh6l 
1638 

1115 
1721 
105h 

1218 
2035 
955 

90h 
lh58 
377h 

Reversed Direction of Heat Transfer Runs 

200 
202 
203 
20h 
205 
206 
201 

h.77 
5.9h 
h.92 
h.78 
h.02 
3.15 

1.61 
2.18 
1.78 
1,83 
1,50 
3.63 

0.28h 
0.228 
0.275 
0.283 
0.337 
0.h30 

0.8hl 
0.621 
0,760 
0,739 
0,903 
0,373 

I5h8 
1926 
1512 
lh98 
1239 
1688 

-;K3alculations made using average temperature driving force^r-]_+AT2y2< 

-«-Galculations made from corrected water outlet temperatures. 

)•.- »5X 
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Appendix Table 2A. Data of Li - Measured flow conditions 

Run 
Number 

79 
89 
9^ 
88 
90 
70 
91 
71 
8h 
92 
86 
99 

101 
102 
9h 
97 

7h 
73 
75 

Vĵ  + V^ "̂  ho ft/hr. 

Benzene 

Vol. flow rate 

D̂' 

ft^/min. 

0.0057 
0.0069 
0.0060 
0.0067 
0.0069 
0.0066 
0.0067 
0.0060 
o.oo6h 
0.0068 
0.0059 
0.0066 
0.0066 
0.0061 
0.0066 
0.0060 

0.0073 
0.007h 
0.0068 

Sup. velocity Vol, flow : 

^D 

ft3/hr-ft? 

ATi ^3i.o°c. 

17.8 
21.5 
18.7 
20.9 
21.5 
20.6 
20.9 
18.7 
19.9 
21.2 
18.h 
20.6 
20.6 
19.0 
20.6 
18,7 

A T i ^ 23,00c. 

22.7 
23.1 
21.2 

^c \ j 

ft3/min 

0.0060 
0.0066 
0.0060 
0.0067 
0.0069 
0.0068 
0.0068 
0.0063 
0.0059 
0.0069 
0.0059 
0.006h 
0.0060 
0.0060 
0.0061 
0.0060 

0.0073 
0.0068 
0.0073 

Water 

rate Sup. velocity 

Ĝ 

ft^/hr-ft? 

18.7 
20.6 
18.8 
20,9 
21.5 
21.2 
21,2 
19,6 
18.h 
21.5 
18.h 
19.9 
18.7 
20,2 
19.0 
18.7 

22,7 
21.2 
22.7 



Appendix Table 2B. Data of Li - Calculated flow conditions 

VQAC 1.0 

V^ + V(. "̂  ho ft/hr. 

Run 
Number 

79 
89 
9^ 
88 
90 
70 
91 
71 
8h 
92 
86 
99 

101 
102 

9h 
97 

7h 
73 
75 

Total Sup. 
Velocity 

Vn + Vp 
ft3yhr-ffe 

36.5 
h2.1 
37.h 
h i . 8 
h3.0 
h l .8 
h2.1 
38.3 
38.3 
h2.7 
36.8 
hO.5 
39.3 
39.2 
39.6 
37.h 

h5.h 
hh.3 
h3.9 

Diff. in Sup. 
Velocity 

ft3?hr-f?2 

-0.9 
-0.9 
0.0 
0.0 
0.0 
0.6 
0.3 

-0.9 
1.5 

-0.3 
OftO 
0.7 
1.9 

- 1 . 2 
1.6 
0.0 

0.0 
1.9 

-0.3 

Pulse Pump 
Frequency 

F 
cpm. 

A T i 2̂  

23.8 
23.h 
2h.2 
73.8 
71.5 
28.7 
29.h 
h6.6 
h7.3 
h8.1 
75.1 
78ft3 
39.5 
6h.O 
75.5 
75.5 

A T i 2' 

28.7 
h6.h 
7h.3 

Pulse PU115) 
Amplitude 

A 
in . 

3I.0OC. 

0.20 
0.20 
0.20 
0.20 
0.20 
0.50 
0.50 
0.63 
0.63 
0.63 
0.75 
1.00 
2.00 
1.50 
1.50 
1.50 

23.OOC. 

0.50 
0.63 
0.75 

FA Product Average Phase 

FA 
in/min. 

h.76 
h.08 
h.8h 

lh.76 
lh.30 
lli.35 
lh.70 
29.36 
29.80 
30.30 
56.33 
78.30 
78.00 
96.00 

113.25 
113.25 

lh.35 
29.23 
55.73 

Velocities 
^ f t / h i ^ 
/ ID l i e -

h9.8 
50.5 
50.2 

153 
150 
150 
153 
308 
310 
315 
590 
818 
826 

1000 
1180 
1180 

150 
308 
582 

h5.5 
h6.h 
h6.h 

Ihh 
138 
138 
Ih l 
279 
283 
288 
532 
7hl 
7h8 
909 

1080 
1080 

138 
279 
528 

Rati< 

VDA( 

0.95 
l .oh 
0.99 
1.00 
1.00 
0.97 
0.98 
0.95 
1.08 
0.99 
1.00 
l .oh 
1.10 
0ft9h 
1.08 
1.00 

1.00 
1.09 
0.93 
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Appendix Table 2C Data of Li - Measured temperature conditions 

V^/Vc * 1,0 

Vj3 + VQ - ho ft /hr. 

Benzene Temperatures (°C) Water Temperatures (°C) 

T T 
CI C2 

(in) (out) 

60.16 h6.39 
60,h7 h7.67 
57.Oh h5o80 
60,50 h8,25 
60,h8 h7.97 
58,69 h5.50 
60.55 h8,8l 
58.6h h5o5o 
60.35 h6.02 
60,59 h7,59 
60,12 h7.20 
60,h8 h7.75 
60,h8 h7oh6 
60.h9 50.00 
58,90 h5.71 
60,50 h9o36 

Run 
Number 

79 
89 
9^ 
88 
90 
70 
91 
71 
8h 
92 
88 
99 

101 
102 

9h 
97 

7h 
73 
75 

T̂ ^D2 

( i n i 

23.75 
27.60 
28.63 
27.65 
27.27 
21.29 
27.57 
21.69 
26.35 
28.00 
28.15 
28.60 
29.22 
29.10 
28.11 
29.8h 

22.29 
21.95 
22.53 

^D2 

( in l 

A T i 

2h.89 
29.29 
26.62 
29. hh 
29.17 
22.60 
29.55 
23.00 
27.95 
30.15 
29.56 
31.21 
31.22 
31.31 
27.65 
31.55 

A T i 

^3.1-3 
22.73 
23.30 

TDI 

(outj 

^31.0°G. 

59.52 
59.87 
56.13 
58.83 
58,60 
57,61 
59.62 
57. h3 
58.60 
59.hO 
58.13 
58,5h 
58.55 
58.52 
5h,80 
57,80 

= 23.0°G. 

h5.hB 
hh.90 
h5,12 

h6oD0 37.2h 
h5.92 35o8h 
h5.98 37.10 

( ••A f I" 

*-' b -i 
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Appendix Table 2Do Data of Li 

Calculated temperature conditions 

V^ + V^ = ho ft/hr. 

Room Average Phase 
Temperature Differences Temperature Temperatures, G. 

^Cl"^Dl ̂ C2"^D2 ATij^ AT^jn TG1"TD2 

ATi AT2 ATi 

°C. Qc • % 21- °G. 

AT- = 31o0°G. 

0.6h 
0.60 
0.91 
1.67 
1.88 
1.08 
0.93 
1.21 
1.75 
1.19 
1.99 
1.9h 
1.93 
1.97 
h.lO 
2.70 

21.50 
18,38 
19.18 
18.81 
18.80 
22.90 
19.26 
22.50 
18.07 
17. hh 
13.6h 
I6.5h 
16,5h 
18.69 
18.06 
17.81 

5.93 10.67 
5.20 9.36 
6.00 10,80 
7.09 12,76 
7.36 13.25 
7.16 12.89 
6.05 10.89 
7.30 13,Ih 
7.00 12.60 
6.07 10.93 
6.06 10.91 
6.83 12,29 
6,82 12,28 
7.h5 13.hi 
9.h3 16,97 
8,Oh Ih9h7 

A T , ^ 2 

35.27 
31.18 
30,h2 
31.06 
31.31 
36,09 
3I0OO 
35,6h 
32,ho 
30.hh 
30.56 
29.27 
29,26 
29.18 
31.25 
28,95 

3°C. 

2h,2 
27,1 
29,7 
27.h 
27.h 
22,8 
28.1 
22,5 
27.0 
28.7 
28,6 
28,7 
30.0 
29.1 
28,8 
30,2 

h i , 6 
h3.7 
h2,h 
h3.2 
h3.0 
39.5 
h3.6 
39,6 
h2.5 
h3.7 
h3.1 
h3.6 
h3.9 
h3,8 
h l ,5 
h3.8 

53,3 
5h . l 
5 l ,h 
5h,h 
5h.3 
52.1 
5h,7 
52,1 
53,2 
5h, l 
53.7 
5h , l 
5h . l 
55,3 
52,3 
5h,9 

0.52 ih.ll h.l2 7,h2 22,87 2h,6 33,9 hi.6 
1.02 13.11 h.7h 8,53 23,19 2ho2 33.h ho.9 
0.86 13.80 h,67 8.hi 22,68 2h.6 33.8 hlo5 

T Benzene Water 
r 

T T 
Oo Da ^ca 
'C. 

::55 
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Appendix Table 2Eo Data of Li 

Recalculated rates of heat transfer 

Vj3 + VQ - ho ft/hr. 

Benzene Phase. Btu/hr. Water Phase, Btu/hr. Results of Heat Balances 

Run 
Number 

79 
89 
9^ 
88 
90 
70 
91 
71 
8h 
92 
86 
99 
101 
102 
9h 
97 

7h 
73 
75 

In the 

qD qe'^e 

502 10 Ih 
52h 10 Ih 
h35 10 9 
h89 10 2h 
502 10 2h 
568 10 22 
h96 10 29 
507 10 32 
h83 10 3^ 
1x93 10 38 
hl9 10 h9 
h50 10 h8 
hh5 10 h8 
h09 10 h8 
hh6 10 h6 
392 10 66 

398 6 3 
h03 6 6 
36h 6 12 

q§ q̂  qc qL q̂^ qc 

ATi 2'31.0°G 

h92 506 556 19 16 523 
5lh 528 ^^^9 17 31 513 
h25 h3h h50 lh-l5 h53 
h79 503 5hh 17 30 h99 
h92 516 561 17 32 5lh 
558 580 $9^^ 19 22 556 
h86 515 5h9 17 32 h85 
h97 529 5h9 19 19 5lh 
h73 508 558 17 27 5l6 
h83 521 550 17 38 h97 
h09 h58 h70 17 21 h35 
hho h88 535 17 39 h8l 
h35 h83 505 16 32 h60 
399 hh7 h52 17 32 ho5 
h36 h82 533 16 h2 h77 
382 hh8 hh7 16 25 h09 

A T ^ = 23.0°C 

392 395 h27 11 15 h03 
397 h03 h5l 11 8 h3h 
358 370 39^ 11 Ih 371 

â Aq̂ ^ 
Btu/hi: Btu/hr» 

• 

515 
521 
hhh 
501 
515 
568 
500 
522 
512 
509 
hh7 
h85 
h72 
h26 
h80 
h29 

399 
hl8 
371 

above calculations for the rates of heat 

+31 
- 1 
28 
20 
22 
- 2 
- 1 
+17 
+h3 
+lh 
+26 
+hl 
+25 
+ 6 
+hl 
+27 

+11 
+31 
+13 

transfer 

Aq 
Btu/hr, 

+17 
-15 
+19 
- h 
- 2 
-2h 
3̂0 
-15 
+ 8 
-2h 
-23 
- 7 
-23 
-h2 
- 5 
-39 

+ 8 
+31 
+ 1 

, it was 

terror 

+3.3 
-2,9 
+h,3 
-0,8 
-0,h 
-h.2 
-6,0 
-2,9 
+1,6 
-h.7 
-5.1 
-l,h 
-h.9 
-9,8 
-1,0 
-9,1 

+2,0 
+7,h 
+0,3 

ass-umed 
that qpp = 0 for both the benzene and water phases. For the water phase, 
q was assumed to be 2Btu/hr, 

-̂' H (i 
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Appendix Table 2F. Data of Li 

Recalculated calculated heat transfer responses 

Run 
Number 

79 
89 
95 
88 
90 
70 
91 
71 
8h 
92 
86 
99 
101 
102 
9h 
97 

7h 
73 
75 

Nujnber of 

Benzene 

N^x, 
-OD 

5.8h 
5.88 
h.92 
h.l5 
h.oo 
h.89 
h.97 
h.72 
h.37 
h.83 
h.72 
h.oo 
h.oo 
3.65 
2.85 
3.27 

5.h2 
h.68 
h.67 

^D^^C 

Transfer Units 

: Water 

N^^ 
^C 

ATi 

2,32 
2,h6 
1,87 
1.73 
1.70 
l,8h 
l,9h 
1,80 
2,05 
2olh 
2,lh 
1.87 
1.87 
l.hl 
l.ho 
1.39 

ATi 

2,12 
2.12 
1,90 

^hO ft/hr. 

Heights of 

Benzene 

HOUo-n 
OD 

ft. 

S'31.0°G. 

0,232 
0,230 
0,276 
0,327 
0.339 
0.277 
0,273 
0,287 
0.310 
0.281 
0,288 
0.339 
0,339 
0,372 
0.h71 
0,hl5 

^23oOOG. 

0,250 
0,290 
0,290 

Transfer 

Water 

HOU 
OG 

ft 

0,58h 
0.552 
0.723 
0,78h 
0,787 
0,737 
0,698 
0.753 
0,661 
0.63h 
0,62h 
0,725 
0.725 
0,961 
0,969 
0,975 

0.639 
0,639 
0,71h 

Units Overall 
Heat Trans, 
Coefficient 

U 
a 

Btu/hr*°F"ft^ 

1692 
200h 
lh50 
133h 
1301 
1610 
1630 
ihoi 
1311 
I5h3 
1109 
12hh 
I25h 
1091 
8lh 
958 

1916 
1610 
lhh7 
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Appendix Table 3A. Data of Gardner - Measured flow conditions 

Benzene Water 

Run 
Number 

lOh 
103 
110 
105 
106 
123 
107 
108 
109 
115 
llh 

12h 
122 
120 

117 
112 
116 
111 
113 
125 
121 
118 
119 

Vol. flow rate 

D̂ 

ft^/min. 

0.0069 
0.0077 
0.0070 
0.0078 
0.0073 
0.0066 
0.0068 
0.0063 
0.0066 
0.0067 
0.0072 

0.0132 
0.013h 
0.01h7 

0.0166 
0.0l6h 
0.0161 
0.0166 
0.0171 
0.0186 
0.0187 
0.0192 
0.0196 

Sup. velocity 

D̂ 

ft3/hr-ft2, 

21.5 
2h.O 
21,8 
2h.3 
22.7 
20.6 
21.2 
19.6 
20.6 
20.9 
22.h 

hl.l 
hl.7 
h5.8 

51.7 
51.1 
50.2 
51.7 
53.3 
57.9 
58,2 
59.8 
61.1 

Vol. flow rate 

Ĉ 

f t-̂ /min . 

0.0071 
0.0070 
0.0067 
0.0072 
0.0072 
0.0078 
0.0068 
0.0069 
0.0070 
0.0067 
0.0069 

0.0078 
0.0079 
0.0070 

0.0079 
0,0076 
0.0070 
0.0069 
0.0072 
0.0065 
0.0066 
0.0062 
0.0060 

Sup. velocity 

Ĉ 

ft3/hr-ft2 

22.1 
21.8 
20.9 
22.h 
22.h 
2h.3 
21.2 
21.5 
21.8 
20.9 
21.5 

2h.3 
2h.6 
21.8 

2h.6 
23.7 
21.8 
21.5 
22.h 
20.2 
20.6 
19.3 
18.7 



Appendix Table 3B. Data of 

Run 
Number 

lOh 
103 
110 
105 
106 
123 
107 
108 
109 
115 
llh 

12h 
122 
120 

117 
112 
116 
111 
113 
125 
121 
118 
119 

Total Sup. 
Velocity 

YD + ^Co 
ft3/hr-ft2 

h3.9 
h5.8 
h2.7 
h6.7 
h5.1 
hh.9 
h2.h 
hl.l 
h2.h 
hl.8 
h3.9 

65.h 
66.3 
67.6 

76.3 
7h.3 
72.0 
73.2 
75.7 
78.1 
78.8 

79.1 
76.3 

Diff. in Sup. 
Velocity 

ft37hr-ft? 

- 0.6 
2.2 
0.9 
1.9 
0.3 

- 3.7 
0.0 

- 1.0 
- 1.2 
0.0 
0.9 

16.8 
17.1 
2h.0 

27.1 
27.h 
28.h 
30.2 
30.9 
37.7 . 
37.6 

hO.5 
h2.U 

Pulse Pmap 
Frequency 

F 
cpm. 

28.8 

71.5 
28.3 
28.5 
71.7 
28.6 

71.7 
29.h 
29.1 
30.3 
26.h 

27.h 
27.7 
26.6 

65.9 
71.7 
26.h 
28.3 
71.7 
27.h 
26.6 
65.2 
26.6 

- Calculated flow conditions 

Piilse Fwsp 
Amplitude 

A 
in. 

0.50 
0.20 
0.50 
0.50 
0.20 
0.50 
0.20 
0.50 
0.50 
0.50 
0.50 

0.50 
0.50 
0.50 

0.20 
0.20 
0.50^ 
0.50 
0.20 
0.50 
0.50 
0.20 
0.50 

FA Produc 

FA 
in/min. 

Ih.h 
lii.3 
lh.2 

lh.3 
lii.3 
lh.3 
lh.3 
lli.7 
lh.6 
15.2 
13.2 

13.7 
13.8 
13.3 

13.2 
lh.3 
13.2 
lh.2 

lh.3 
13.7 
13.3 
13.0 

13.3 

Average Phase Ratio 
Velocities 

_ ft/hr_ Vj/V 

/LD Oc 
150 
150 
lh9 
150 
lh9 
lh8 
150 
152 
152 
157 
138 

lh7 
lh7 
lh5 

lli6 
159 
U46 
157 
157 
15U 
153 
150 
151 

135 
136 
132 
136 
13h 
137 
135 
138 
138 
Ihh 
12h 

122 
122 
118 

l lh 
12h 
llh 
121 
121 
117 
113 
108 
108 

0.97 
1.10 

l.oh 
1.08 
1.01 

0.85 
1.00 
0.91 
0.9h 
1.00 

l.oh 

1.69 
1.70 
2.12 

2.10 
2.16 
2.30 
2.ho 
2.38 
2.87 
2.83 
3.10 
3.27 
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Run 
Number 

lOh 
103 
110 
105 
106 
123 
107 
108 
109 
115 
llh 

12h 
122 
120 

117 
112 
116 
111 
113 
125 
121 
118 
119 

T^D2 

(in) 

26.85 
26.70 
23.70 
2h.78 
2h.56 
30.80 
25.98 
26.15 
2h.01 
30.30 
30.90 

30.20 
29.60 
29.60 

29.30 
26.85 
29.90 
26.83 
26.85 
31,00 
29.80 
29.50 
29.70 

Appendix Table 3C Data of Gardner 

Measured temperature conditions 

Benzene Temperatures (°C) Water Temperatures (°C) 

TD2 ^D1 TQ^ T(,2 

(in) (out) (in) (out) 

27.ho 3h,h2 3h.58 31.63 
27.h2 3h.lip 3h,53 31.36 
28.08 ho.36 ho,69 35.03 
25.9h 38.61 39,12 33.13 
25.63 38,52 39,32 33o66 
31,50 h6,85 h7.6h h i , h i 
27.15 h3.12 hh,23 37.01 
26.72 h2,87 hh.OO 36,50 
28,hi h8.22 h9.30 ho,63 
30.92 58.66 60,31 h8.30 
31.57 59.hi 60,61 h8, l5 

30,50 hh.35 h6, l5 3h.88 
30.19 60,h9 63.60 38,81 
28.83 56.21 59,89 35,96 

29,58 56.77 60,01 8h.56 
30.66 h5.8l h9,30 3h.86 
30.13 57.h9 60,22 35oh6 
28.52 h6.20 h9.02 31.ho 
30.82 h6.23 h9o25 33.90 
30.36 hi .76 h5.92 31oho 
30.Oh 5h.52 60,06 31,91 
29.66 51,16 59.80 31.90 
29.83 5loh3 59.30 3I062 

::r>{) 
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Appendix Table 3D. Data of Gardner 

Calculated temperature conditions 

Room Average Phase 
o 

Temperature Differences Temperature Temperatures» C. 

Run 
Number 

lOh 
103 
110 
105 
106 
123 
107 
108 
109 
115 
l l h 

^CI 'TDI 

ATl 

°c. 

0.16 
0.39 
0.33 
0.51 
0.80 
0.79 
1.11 
1.13 
1.08 
1.65 
1.20 

T -T 
^C2 ^D2 

AT2 

°G. 

h923 
3.9h 
6.95 
7.19 
8.03 
9.91 
9.86 
9.78 

1 2 . 2 2 
17.38 
16.58 

Ahr, ATi^n 

°C. °F. 

l 9 2 h 2 . 2 3 
1.53 2.75 
2.18 3.92 
2.52 h.5h 
3 9 l h 5965 
3.62 6.52 
h.02 7.2h 
h . O l 7923 
h.62 8.32 
6.69 12.oh 
5.87 10.57 

TG1"TD2 

A^i 
°c. 

7.10 
7.11 

12,61 
13.18 
13.69 
16, Ih 
17.08 
17.28 
20.89 
29.39 
29. Oh 

Tr 

°G. 

26.7 
27.3 
29,1 
23.3 
23,3 
30,6 
27.7 
27.3 
26,5 
30.5 
31.2 

Benzene 

Tn 
Da 

30.9 
30.8 
3h9 2 
32,3 
32.1 
39,2 
35.1 
3h.8 
38.3 
hh.8 
h5.5 

Water 

T„ 
Ga 

33.1 
32,9 
37.9 
36.1 
36,5 
hh.5 
ho.6 
ho.3 
h5.0 
5h.3 
5h.h 

12h 1.80 h.38 3.72 6.70 15.65 30.8 37.h ho,5 
122 3.11 8.62 5.39 9.70 33.hi 30.1 h5.3 51.3 
120 3.60 7.13 5.17 9.31 31.06 30.3 h2.5 h7.9 

117 
112 
116 
111 
113 
125 
121 
118 
119 

3.2h 
3.h9 
2.73 
2.82 
3.02 
h . l6 
5.5h 
8.6h 
7.87 

h.98 
h.20 
5.33 
2.88 
3.08 
l.oh 
1.87 
2,2h 
1.79 

h . l l 
3.8h 
h.03 
2.85 
3.05 
2.25 
3.37 
h.7h 
h . l l 

7.ho 
6.91 
7.25 
5 9 I 3 
5.h9 
h.o5 
6,07 
8.53 
7.ho 

30.h3 
18,6h 
30.09 
20.50 
l 8 o h 3 
15.56 
3O0O2 
30,lh 
29o6h 

28,5 
30,8 
29,2 
31.8 
31.6 
31.0 
30.7 
29,8 
30,0 

h3.2 
38.2 
h3.8 
37.h 
38.5 
36.1 
h2.2 
ho,h 
ho,6 

h7.3 
h2.1 
h798 

ho. 2 
h i .6 
38.7 
h6.0 
h5.9 
h5.5 

• J ; :bi 
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Appendix Table 3E9 Data of Gardner 

Rates of heat transfer recalculated 

Benzene Phase. Btu/hr. Water Phase. Btu/hr. Results of Heat Balances 

Run 
Number 

lOh 
103 
110 
105 
106 
123 
107 
108 
109 
115 
llh 

12h 
122 
120 

117 
112 
116 
111 
113 
125 
121 
118 
119 

qD 

119 
128 
213 
2h3 
232 
2h8 
267 
251 
320 
h56 
h93 

h53 
1000 
99h 

1110 
612 
1085 
725 
6h5 
52h 

1131 
1022 
10h3 

% 

1 
1 
3 
3 
3 
5 
h 
3 
6 
11 
12 

5 
12 

qe 

..» 

2 
2 
3 
3 
3 
h 
h 
h 
8 
25 
2h 

h 
26 

10 15 

10 
5 
8 
5 
5 
3 
9 
7 
7 

^^ 

118 
127 
210 
2h0 
229 
2h3 
263 
2h8 
31h 
hh5 
h8l 

hh8 

qb 

120 
129 
213 
2h3 
231 
2h7 
267 
252 
322 
h70 
505 

h52 

^G '̂L 

Ihl h.2 
150 0.2 

q̂  

9.3 
13.7 

256 6,0 76,0 
289 7.0 22,2 
273 8,5 19.2 
329 9.^ 11.3 
329 8.2 
3h7 8,2 

19.5 
8,8 

h08 13,0 71,0 
5hh 19.0 
582 19.0 

590 6,0 
988 lOlh 1321 13,0 
98h 999 1136 10.0 

15 1100 1115 1360 12.0 
h 
16 
5 
5 
3 
11 
7 
8 

607 
1079 
720 
6hO 
521 
1122 
1015 

611 
1093 
725 
6h5 
52h 

733 8.0 
1166 12,0 
818 13,0 
7h7 8,0 
636 7.9 

1133 I2h5 11.0 
1022 1162 11,0 

1036 lOhh 1115 11.0 

10.2 
11.8 

9.8 

% q A "̂ ^ A q '̂  error 

Btu/hr Btu/hr. Btu/hr. 

130 
138 
176 
262 
2h7 
310 
303 
332 
326 
516 
553 

576 

125 + 12 + 10 + 8,0 
128 + 11 + 9+7.0 
195 - 3h - 37 -19.0 
25h + 2 2 + 1 9 + 7 , 5 
239 + 18 + 15 + 6,3 
281 + 6 7 + 6 3 +22,h 
285 + ho + 36 +12,6 
292 + 8h + 80 +27,h 
32h + 12 + h + 1.2 
h93 + 71 + h6 + 9,3 
529 + 72 + h8 + 9.1 

5lh +128 +12h +2h.l 
19.5 1290 1152 +302 +276 +2h,0 

1128 106h +lhh +129 +12,1 

11,h 1339 1227 +239 +22h +18.2 
162 oO 565 
9,1 llh7 
69.2 
176,0 
7.3 

7,6 
6,0 

738 
565 
623 

588 - h2 - h6 - 7.8 
1120 + 70 + 5h + h.8 
732 + 18 + 13 + 1,8 
605 - 75 - 80 -13.2 
57h +102 + 99 +17.2 

1236 1186 +ll)i +103 + 8.7 
llh5 108h +130 +123 +11,3 
1100 1072 + 6h + 56 + 5.2 

In the calculation of the above data, it was assumed that qpp = 0 for 
both the benzene and water phases. It was also assumed that q̂  
2Btu/hr. 

•^w 
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Appendix 3F. Data of Gardner 

Recalculated calculated heat transfer responses 

Number of Transfer Units Heights of Transfer Units Overall 

Run 
Number 

lOh 
103 
110 
105 
106 
123 
107 
108 
109 
115 
llh 

12h 
122 
120 

117 
112 
116 
111 
113 
125 
121 
118 
119 

Benzene 

IQD 

5.66 
h.39 
5.63 
5.03 
h.lO 
h.2h 
3.97 
h.03 
h.28 
h.l5 
h.7h 

3.72 
5.62 
5.29 

6.61 
3.9h 
6.78 
6.20 
5.Oh 
5.06 
7.25 
h.53 
5.25 

Water 

loc 

2.38 
2.07 
2.60 
2.38 
1.80 
1.72 
1.80 
1,87 
1.88 
1.79 
2.12 

3.02 
h.59 
h.62 

6.19 
3.76 
6.1h 
6,18 
5.02 
6.h5 
8,35 
5.88 
6,73 

Benzene 

HOUQC 

ft. 

0.239 
0.308 
0.2hO 
0.269 
0.330 
0.319 
0.3hl 
0.336 
0.316 
0.326 
0,286 

0.36h 
0.2hl 
0.256 

0.205 
0.3h3 
0.200 
0.218 
0,269 
0.267 
0,187 
0.299 
0.258 

Water 

HQUQ, 

ft, 

0.569 
0.65h 
0.520 
0.569 
0,752 
0.786 
0.752 
0.72h 
0.720 
0.756 
0.638 

0.hh8 
0.295 
0.293 

0.219 
0.360 
0.200 
0.219 
0.270 
0.210 
0.162 
0,230 
0,201 

Heat Trans. 
Coefficient 

\ 

Btu/hr-°F-ft3 

2lh8 
1783 
1906 
2lhh 
1621 
1651 
1508 
I5h7 
lh92 
1569 
1918 

2939 
h550 
h379 

6353 
3260 
5919 
5h67 
5723 
3623 
5327 
5612 
5550 
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Since FA • 15.0 in/min, then from equation (82) 

J7a - (10) (15) - 150 ft/hr. 

and from Figure 9 it can be seen that, 

qpF - 0 

Using equation (117), q* may be calculated as, 

q* - (0.00398)(0.ii25)(0.855)(33.61-31.10)(60)(1.8)(62.1;) 

or 

q* •= 11 Btu/hr. 

Since \ = 30.2 °C and Tg^ = 50.1; °C, then employing equation (ll6), 

^ T L = 50.1; - 30.2 = 20.2 °C, 

and from Figure 10, 

q^ = 13 Btu/hr. 

From equation (97), the heat of evaporation, qg, was found to be, 

qg = 8 Btu/hr. 

Thus from equation (110) and (ill), 

q^ = 208 + 2 - 13 - 11 = 186 Btu/hr. 

and 

q^ = 172 - 7 + 8 = 173 Btu/hr, 

Also from equations (lOU) and (105), 

q^ =^186 + 17:3X2 = 180 Btu/hr, 

and 

% deviation =(186 - 173/180 x 100 = +1.2% 
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Calculation of Heat Transfer Reaponses 

From equation (119), the In-mean temperature difference maybe cal 

culated as 

(li8.71-33.6l)-(52.01-51.12) 
AT Ln 

2.3031og (l;8.71-33.6l)/(52.01-51.12) 

0 , 
ATlm - 3.01 -C. 

or 

Thus from equations (31;) and (35), 

1QJ3 =(5l . l2-33.6]y5.01 = 3.50 

and 

1Q2 =(52.oi - l ;8 .7^5.0l = 0.51;5 

and from equations (Ul) and (1;2) 

HQUQP = 1.351;/3.50 = 0.387 f t . 

and 

HOÛ -P » l.35ii/0.51;5 = 2.1;8 f t . 

The overall volumetric heat transfer coefficient, Ua, may be 

from equation (52) as, 

Ua = 180/(0.0261) (9.02) = 76I; Btu/(hr)(°F)(ft3). 

:7o 


