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ABSTRACT 

A design theory for two flow arrangements of three- 

fluid heat exchangers has been developed. The dependent 

performance of the heat exchanger has been expressed in 

terms of two dimensionless quantities, €ticl anc* et,c2 ’ 

termed temperature effectivenesses The temperature 

effectivenesses are expressed as functions of five indepen¬ 

dent dimensionless exchanger variables, three representing 

operating conditions and two design conditions. This 

situation contrasts with one dependent and two independent 

dimensionless parameters for the two-fluid exchanger, a 

very much less complex problem. Graphs are presented 

showing e. -, and e. _ as functions of the five ex- 

changer variables. The practical application of the design 

theory is shown in three examples. 

Insight into the problems arising in designing three- 

fluid heat exchangers can be achieved by inspection of the 

temperature effectiveness curves. 
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NOMENCLATURE 

English Letter Symbols 

U 

W 

q 

area of one side of the heat transfer surface 

between the hot fluid and cold fluid No. 

ft2 

1, 

area of one side of the heat transfer surface 

between the hot fluid and cold fluid No. 2, 

ft2 

Cph 
flow stream capacity rate, (W 

Btu/( hr °P) 

specific heat at constant pressure, Btu/(lbs °F) 

overall conductance for heat transfer, 

Btu/(hr °P ft2 of A) 

mass flow rate, lbs/hr 

heat transfer rate, Btu/hr 

Dimensionless Groupings 

A* = k1/A2 

R* ^ (AgUgJ/U^) 

At* = 
A1'in 

'h 
- t 

in 
c2 

in 

■"h 
- t 

in 
cl 

in 

C* = C 
cl/Ch 

C5 â Co2/Ch 

transfer area ratio (the area ratio 

between the two heat transfer surfaces) 

overall thermal resistance ratio (the 

ratio between the overall thermal resist¬ 

ances of the two heat transfer surfaces 

inlet cold fluid temperature ratio (the 

ratio between the inlet temperatures of 

the two cold fluids referred to t. 
hir 

as the datum) 

capacity rate ratio between cold fluid 

No. 1 and the hot fluid 

capacity rate ratio between cold fluid 

No. 2 and the hot fluid 

X 



r 

Ntu-^ = number of transfer units of the heat 

transfer surface between cold fluid 

No. 1 and the hot fluid 

Greek Letter Symbols 

e 
q,o 

overall heat exchanger effectiveness 

£ t, cl 

tcl " tcl, 
A out In 

- t 
in 

cl 
in 

temperature effectiveness for the 

heating of cold fluid No. 1 

Gt,c2 
A ^out' tc2 in 

- t 
in 

c2 
in 

temperature effectiveness for the 

heating of cold fluid No. 2 

Subscripts 

cl 

c2 

h 

refers to cold fluid No. 1 

refers to cold fluid No. 2 

refers to the hot fluid 

xl 



I. INTRODUCTION 

Most processes of thermal energy recovery involve trans¬ 

fer of thermal energy between two fluids. However, in recent 

years some processes with heat transfer oetween three fluids 

have become important. One example is in air separation 

plants, which calls for an exchange of thermal energy 

between oxygen, nitrogen and air at low temperatures. Three- 

fluid heat exchangers also allow a more compact and econom¬ 

ical design. Two two-fluid exchangers may, for example, be 

combined into a three-fluid unit with a saving in shell 

structure. 

For two-fluid heat exchangers a large amount of material 

has been published on how to compute the relationship between 

heat transfer area and temperature difference between the 

fluids. Reference [4] presents one such treatment of this 

subject. However, there exists no general performance theory 

for three-fluid heat exchangers. 

An approximate method of handling a three-fluid heat 

exchanger design problem is presented in Appendix V. This 

log-mean rate equation approach requires the following 

iteration procedure: 

1. Estimate the two heat transfer rates between the 

hot and the two cold fluids. The outlet temperatures of 

the three fluids may then be calculated. 

2. Calculate the two log-mean temperature differences. 

3- Check initial estimate of the two heat transfer 
rates. 

4. Repeat procedure as necessary. 

The objection to this method lies in the degree of approxi¬ 

mation involved in the use of the log-m-an temperature 

differences. 

m thls report a general theory for three-fluid exchangers 

Is developed for one flow arrangement each of parallel-flow 

i 



and counter-flow. The performance of the exchanger le 

expressed as two temperature ratios, which are functions 

of five non-dimensional exchanger variables. Graphs of the 

performance expressions are provided for some values of the 

exchanger variables. Finally, some examples are given which 

illustrate the practical use of the theory in exchanger 

design . 
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II. DESCRIPTION OP PROBLEM 

Three-Fluid Farallel-Flcw 

Figure 1 shows a schematic representation of a three- 

fluid parallel-flow exchanger. Heat is transferred from the 

hot fluid to both the cold fluids. There is no exchange of 

heat between the two cold fluids. The two cold fluids are 

numbered 1 and 2. The capacity rate of cold fluid No. 1 

is C , the capacity rate of cold fluid No, 2 js C 
A c 2 

and the capacity rate of the hot fluid is Ch The 

capacity rate is defined as the product of the mass flow 

rate (lbs/hr) and the specific heat at constant pressure 

(Btu/lbs °F) of the fluid. C = (W • c ), with units 

(Btu/hr °F). P 

The overall thermal conductance between the hot fluid 

and cold fluid No. 1 is termed , while the overall 

thermal conductance between the hot fluid and cold fluid No 

2 is termed . U has units of (Btu/hr °F ftP of A). 

Then has units of (Btu/hr °F ft2 of and U0 has 

units of (Btu/hr °F ft2 of A2). The reciprocal of the over¬ 

all thermal conductance U is an overall thermal resistance 

which can b- considered to have the following series com¬ 
ponents : 

1 A hot side film convection component, including the 

temperature Ineffectiveness of the extended area on this side 

2. A wall conduction component. 

A cold sld^ film convection component, including the 

temperature Ineffectiveness of the extended area on this side 

Fouling factors to allow for scaling or foullne on 

both the hot. and cold sides. 

Reference [4]. p. 8, presents a detailed description 

of the method for calculatine U 

3 



FIG. 1 

SCHEMATIC REPRESENTATION OF A 

THREE-FLUID PARALLEL-FLOW EXCHANGER 
WITH TWO COLD AMD ONE HOT FLUID 

FIG. 2 

SCHEMATIC REPRESENTATION OF A 

THREE-FLUID COUNTER-FLOW EXCHANGER 
WITH TWO COLD AND ONE HOT FLUID 



HEAT TRANSFER SURFACE 
WITH HEAT TRANSFER AREA 
A, ON ONE SIDE 

INSULATION 

'c2 

INSULATION 

FIG. I 

HEAT TRANSFER SURFACE 
WITH HEAT TRANSFER AREA 
a2 ON ONE SIDE 

HEAT TRANSFER SURFACE 
WITH HEAT TRANSFER AREA 
A| ON ONE SIDE 

INSULATION 

tc. 
th 

Ch 
in 

INSULATION 

FIG. 2 

HEAT TRANSFER SURFACE 
WITH HEAT TRANSFER AREA 
A2 ON ONE SIDE 



Three-Fluid Counter-Flow 

Figure 2 shows a schematic representation of a three- 

fluid counter-flow exchanger. Similar to the parallel- 

flow exchanger, heat Is transferred from the hot fluid to 

both the cold fluids, and there is no exchange of heat 

between the two cold fluids. The definitions of U-^ , U2 » 

Ccl , Cc2 , Ch ' A1 ' A2 are the Same aS ^01, the Parallel_ 
flow exchanger. 

There are several other possibilities of flow arrange¬ 

ments and designs of three-fluid parallel- and counter-flow 

exchangers and these are illustrated in Fig. 3- These 

other possibilities will not be considered further in this 

report. 

The problem is now to interrelate the heat exchanger 

parameters so as to produce an equation for the dependent 

heat exchanger performance in terms of the independent 

operating and design parameters. These parameters are: 

U^,U0 - the overall conductances for heat transfer, 

(Btu/hr °F ft2 of A) 

A-,,An - areas of one side of the heat transfer surface 
12 2 

between the hot and the cold fluids, ft‘, the 

area on which U-^ and U0 are based. (For 

details see ref. [4], p. 8.) 

C , = (Wc ) , - cold fluid No. 1 capacity rate, (Btu/hr °F) 
cl pci 

c 0 = (Wc ) _ - cold fluid No. 2 capacity rate. (Btu/hr °F) 
c 2 p C 2 

= (Wc ) - hot fluid capacity rate, (Btu/hr °F) 
h p 

cold fluid No. 1 terminal temperatures, °F 

5 



PIG. 3 

OTHER POSSIBILITIES OF THREE-FLUID COUNTER- 

AND PARALLEL-FLOW ARRANGEMENTS 
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PARALLEL- COUNTER - FLOW ARRANGEMENT 

COUNTER- OR PARALLEL- FLOW ARRANGEMENT 

OF HEAT BETWEEN 
THE TWO COLD FLUIDS 

FIG. 3 



1 

c2 
in 

uc2 
out. 

- cold fluid No. 2 terminal temperatures, °F 

"h 
in 

"h out 

- hot fluid terminal temperatures, °F 

The outlet temperatures are dependent variables while the 

others are independent. The independent parameters, such 

, are operating condition parameters. as C , and t , cl cl 
in 

while ones, such as A-^ and , are design parameters 
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III. IDEALIZATIONS 

The following idealizations have been made in the analysis 

1. The heat exchangers. Figs. 1 and 2, are considered 

to be adiabatic, i.e., there is no hear, loss to the surround¬ 

ings. Also all heat exchange is from the hot fluid to the 

cold fluids. 

2. The heat exchanger parameters C , , C „ , C, , 
cl c2 h 

, U2 are treated as constants with respect to temperature 

and position. 

3. Perfect mixing in each passage, i.e., there is no 

temperature gradient normal to the flow direction. 

4. Negligible longitudinal conduction in the walls or 

fluids . 

8 



IV. DEVELOPMENT CF THE DESIGN THEORY 

The thermodynamically limited maximum heat transfer rate 

is realized only in a counter-flow heat exchanger of Infinite 

heat transfer area. Comparison of an actual heat exchanger 

to this infinite counter-flow exchanger will yield a useful 

measure of how well the performance compares with the thermo¬ 

dynamically limited performance of the exchanger. The over¬ 

all heat transfer effectiveness of a heat exchanger can then 

be defined as follows. 

A Act ual heat transfer rate in exchanger A ^act ual 
q,o _ Max possible heat transfer rate ~ %.ax 

obtained in a counter-flow exchanger 
with infinite heat transfer area and 
same inlet temperatures and flow 
rates 

It is now necessary to derive an expression for the heat 

transfer rate in a three-fluid counter-flow exchanger with 

Infinite heat transfer area 

Figure 4 describes schematically the temperature con¬ 

ditions in a two-fluid counter-flow exchanger with finite and 

infinite area. For the Infinite area two-fluid exchanger wlt.h 

= t. 
" C' • ' Sn. ; and f0r Ch • 

'h 
i n 

Analogous to Fig 4, Fig 5 describes schematically thr 

temperature conditions in a three-fluid counter-flow exchanger 

For the infinite area three-fluid exchanger with 

(Cal -:- c ) . Cf , i = t - t_ For the ease when 
C1 n nm Ciout c¿out 

(C . \ .,) > t h* temperature picture la acre complex; 

the hot fluid outlet temperature lies somewhere between t , 
Ciin 

There exists a dynamic equilibrium condition * r and t 
c 2 lc 

the hot fluid when the hea4 transfer rat < fr r ne f th< cold 

fluids to 'he hot fluid is equal to the heat 4ransfer ra‘ •• 



FIG. U 

SCHEMATIC DESCRIPTION OF THE FLUID 

TEMPERATURE CONDITIONS IN A TWO-FLUID 

COUNTER-FLOW EXCHANGER WITH 

FINITE AND INFINITE HEAT TRANSFER AREA 

10 



FIG. 4 
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PIG. 5 

SCHEMATIC DESCRIPTION OP THE FLUID 

TEMPERATURE CONDITIONS IN A THREE-FLUID 

COUNTER-PLOW EXCHANGER WITH FINITE 

AND INFINITE HEAT TRANSFER AREA 

11 
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f 1 

from the hot fluid to the other cold fluid. This dynamic 

equilibrium temperature thoo is established as follows. Con¬ 

sidering a differential element of the heat exchanger at 

A = “ , the heat transfer rate equations can be written as 

dqfrom hot to cold fluid No. 1 = UldAl " tcl. ^ 
in 

dqfrom cold No. 2 to hot fluid = U2dA2 ^02. " thoo) 
in 

Since : 

dqfrom hot to cold fluid No. 1 - dqfrom cold No. 2 to hot fluid 

then : 

UldAl ^ thoo “ tclln^ " U2dA2 ^fcc2ln ‘ thoo) 

which yields: 

U2 tc2 
+ U, A*t 

in 
c 1 

in 
'h» U2 + A*U1 (1) 

where: A* = A^/A^ , the area ratio between the two heat 

transfer surfaces. 

The overall heat transfer effectiveness expressions for 

‘‘hree-fluid parallel- and counter-flow exchangers can now be 

derived . 

Overall Heat Transfer Effectiveness, Parallel-Flow 

An energy balance on the exchanger yields: 

Ccl^tcl " tcl. ) + Cc2^tc2 ■ fcc2 ^ “ 
out in out in 

Ch^th. ' th ^ ~ q 
in out 

actual 

For the case when (Ccl + Cc2) < Ch (refer to Fig. 5) 

’max = Cc 1^ th._ ' tcl1_^ + Cc2^tl . 'h ~ 2 ^ 
In in nln c¿ln 

12 



and : 

^actual G^ c-'- 
'q, o q 

H 4max 
, cut ' tgIm| ''' ^gj 

ClUkln ' Z 

The following definitions are now introduced 

« 

A c^out Clin 

't,cl = rT77~ in c in 

A c2out c2in 
t,c2 “~T - tnQ 

in c¿in 

At? 

t, - t „ 
A hin c^in 

ln S - tcl 
in Ciin 

Then the overall heat exchanger effectiveness is obtained for 
the case of (Ccl + Cc2) < 

,Ccl • t, At 

q,o 
Cc 2 "t,clTLiLin 

r~-— 
rr— + At* 
^ ln 

] 

(2) 

for the other case, wnen (Cc, + C ) > (refer to Fig. h), 

qmax = VV - 
in 

^actual Ccl^tcl 
out ) + Cc2^1c2 _ ‘ nc2 ) 

in' in 

qactual c1^ clout ^ Uc2^c2out " tc2in) 
q,o q 

‘out 

"c 2V 1 c 2 

rrax 

Introduci’.g Eq ( 1 ) and rearranging, to obtain t:,<- over 

an fceat exchanger tffttOtlvenesa for thl ■ ■ ,. • 

(Ccl + Cc2> > ch- 

13 



Î3) 

[fol 
L c 't,cl 

c 2 Atí ir et,c2‘^1 
1 
R” 

'q,o 

'"ïn nEr 
R* J 

where: R* = , the ratio between the overall thermal 
Hlul 

resistances of the two heat transfer surfaces. 

Overall Heat Transfer Effectiveness, Counter-Flow 

The overall heat transfer effectiveness expressions for 

counter-flow exchangers are identical to the expressions obtaine 

for the parallel-flow exchangers. 

The heat transfer effectiveness expressions e 

for three-fluid exchangers must reduce to the heat transfer 

effectiveness expressions for two fluid exchangers in the 

following limiting conditions. 

1- Ct,cl ■ et,c2J S-e-’ when- Atfn = 1, Ccl = Cc2 = 

, R. = ! 

2. Uj = 0 ; then €tjCl = o 

3. U2 = 0 ; then ^t)C2 = 0 

when 

When 

Then : 

For a * wo fluid heat exchanger (refer to 

- t. 
out in n nin h 

Cc v Ch ’ qmax = Cc^ th. ' tc ^ 
in in 

Ch v Cc ' qmax = Ch^h, “ tc, ^ 
in in 

Fig. 

out ^ 

:-. 



t t c c 
out in 

€ t h 
t ; when C! < C, 

’ c h 
(4) 

in 
c in 

e 
qactual _ fc_ cout 

° qmax th.„ 
^-r-iii ; when Ch < Cc 

hin " Cin 

It can easily be demonstrated that Eq (2) reduces to 

Eq. (4) in the five limiting conditions, and that Eq. (3) 

reduces to Eq. (5) in all five limiting conditions. 

The designer, given a specific heat exchanger, flow 

rates and inlet temperatures, is interested in being able to 

predict the outlet temperatures of the fluids; or, given Inlet 

and outlet temperatures and flow rates specifications, he wants 

to be able to calculate the necessary heat transfer areas. As 

seen, the overall heat transfer effectiveness of a three-fluid 

exchanger is a function of the heat exchanger operating para¬ 

meters and the two temperature effectiveness expressions 

e -, and e ^ . If these temperature effectivenesses may 
t ,c 1 t,c2 

be calculated, the performance of the exchanger is completely 

determined. Knowing and » 4he cold iluld outlet 

temperatures may be calculated, provided the Inlet tempera¬ 

tures of all three fluids are known. Knowing the cold fluid 

outlet temperatures, the hot fluid outlet temperature Is 

obtained from an energy balance on the exchanger. 

The following sections give a description of the method 

for calculating et cl and €t c2 for the two three-fluid 

exchangers considered in this report. 

Temperature Effect!venesre.-, Parallel-Flow 

A detailed derivation of £t cl and et c2 for three- 

fluid parallel-flow exchangers is presented in Appendix 1. 

Due to the complexity of the algebra only a discussion of th< 

15 



analysis is given here. 

Referring to Pig. Al, energy balance considerations on 

three differential elements of the exchanger yield: 

d(ll = Ccl ' dtcl ; dq2 = Cc2 ‘ dtc2 5 dql + dq2 = - Ch ' dth 

The rate equations for the heat transfer rates, dq^ 

and dq2 , through the differential areas, dA^ and dA^ > 

may be written as follows: 

dq^ = U|dA-^(t^ - t^^) ; dq^ = ^2d^2'^h _ ^c2^ 

By combining the energy balance and rate equations, a 

set of three linear' first order differential equations In 

the three temperatures tc^ , t^ » and t'^ is obtained. 

Ccldtcl + Cc2dtc2 ■ ' Chdth 

ccldtol = - 'cl) 

Cc2dtc2 = - ‘C2) 

This set Is solved for the three temperatures t cl 
tc2 , and t^ by applying the standard procedure, outlined 

In most books on differential equations, for solution of a 

set of simultaneous linear equations, for Instance Ref<renC’ 

[1]. 

The constants of Integration ar^ determined by applying 

the boundary conditions, which are the Inlet temperatures of 

the three fluids. 

The solution yields ct ci and c2 as a function 

of the exchanger parameters listed on page 5. In order to 

obtain a more compact descrl(.*lon of the temperature effective¬ 

nesses as functions of these parameters, the parameters 

combined Into five appropriate non-dImens lena 1 groups. The 

following non-dlmenslonal groupings were .selected as being 

16 



1 

most convenient, and possessing the most readily grasped 

physical significance: 

* A Ccl 

1 = Ch 

Capacity rate ratio between 
cold fluid No. 1 and the hot 
fluid; an operating conditions 

parameter. 

* A Cc 2 Capacity rate ratio between 
cold fluid No. 2 and the hot 
fluid; an operating conditions 

parameter. 

* 
R 

A A2U2 
- A1U1 

Ratio between the overall thermal 
resistances of the two heat 
transfer surfaces; a design 

parameter. 

'h 
At 

in 
'c2 

in 

in 
'h in 

'cl in 

- Ratio between the inlet tempera 
tures of the two cold fluids, 

^c 2 
is always greater than 

in 
t ; an operating conditions 

clin 
parameter. 

A A1U1 
Ntu, = p- 

1 °cl 

- Number of transfer units of the 
heat transfer surface between 
cold fluid No. 1 and the hot 
fluid. (For a discussion of 
the physical significance of 
this non-dimensional parame*ei 
see Reference [M, P* 10 ) ; a 
design parameter. 

By introducing these five non-dimensional groupings 

following expressions for the temperature effectivenesses 

for parallel-flow exchangers are ob- 

31O in Appendix I. 
et,cl and ' 
tained , Eqs. 

t ,c2 
(33, 

t h< 

17 



*1
 

- 

1 + C*(l - At*n) EXP(EXg) - EXP(EX3) 

:t>cl " (i + cf + c¡) + (b2 - b3) 

[B2 • EXP(EX3) - B3 ■ EXP(EX2)][C2(Atln - l) - l] 

[l + + C2J[B2 - ^ 

1 * ^ 

t,c2 [1 + C1 + C2] 

1 H- C+ 
B0[C 
22 Atïn 

(i+c2)] - [l + C1 + C2]At* 
in 

[l + C+ C2][B2 - b3] 
EXP(EX3) 

1 + C + Bp [i + c* + c;]^ 2JAt?_ BJC2 " At*^1+C2^ 
in 'in 

[l + C+ CpltBp “ B3 
EXP(EXp) 

Where : 

Bp = - -|[R* -4(1 + G*) + (1 + C*)] 
0 ä 

- * 

[r -¿-(i + C2) + (1 + c,)] 

- C2 

* Cl/ 4R —j-(l + + Cp) 

C2 

1/2 

Bp = - -^[R 4(1 + + (l + C|)] 

1 
_ 

c ^ 
[R* 4(1 + Cp) + (1 + c*)]2 - ^R* 4(1 + C* + C2) 

1/2 

18 



are com- 

e'*2 = B2 ‘ Ntul 

EX3 = • Ntu1 

As seen the equations for et}Cl and etjC2 

plex algebraic expressions. A graphical representation of 

£ an(j e also presents a problem since both are 

functions of till Independent variable parameters. A function 

of one independent variable is represented by a single curve; 

two independent variables require a "one page" family of 

curves; three independent variables require a "book" of curves 

four independent variables require a "library of books" of 

curves; and finally five independent variables require a ’set 

of libraries of books" of curves. A complete graphical 

representation of et cl and et>c2 is, therefore, out of 

the question. However, a good representation of the behavior 

of et,cl and 
e can be obtained by drawing the curves 
t ,c2 

for just a few selected values of the parameters. This is 

done in Figs. 6-13- 

In Figs. 6-13 £t>cl and etjC2 are plotted on the 

ordinate and Ntu^ is plotted on the abscissa. Ntu is a 

measure of the "size" of the heat exchanger and has values 

in the range from zero to infinity. The parameters , 

C* , and R* have also magnitudes that range from zero to 

infinity. In drawing the graphs all three are assigned the 

two values 0.5 and 2.0. This is a four-fold range for each. 

At* can be defined so that it will have values in the 

range from zero to unity by naming the cold fluid with the 

smallest t , cold fluid No. 1. In plotting the graphs 
in 

'•* Is elven the values 0.25, 0.5, 0.75, 1-0 
in 

Each page of 

C*, and C the graphs is plotted for constant values of R* 

with A**^ •• a parameter. For two assigned values, 0.j 

and 2.0, of each of the parameters R«, C* and C* 8(= ^ 

fraphB :• ¡resented. For three assigned values 27 (= 3 ) 

23) 
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FIGS. 6-14 

CURVES FOR PARALLEL-FLOW THREE-FLUID 

HEAT EXCHANGER TEMPERATURE EFFECTIVENESSES 

VERSUS NUMBER OF HEAT TRANSFER UNITS 

Ranges Covered 

R* C* C* 

0.5 0.5 0.5 

0.5 2.0 0.5 

0.5 0.5 2.0 

0.5 2.0 2.0 

2.0 0.5 0.5 

2.0 0.5 2.0 

2.0 2.0 0.5 

2.0 2.0 2.0 

1.0 0.5 0.5 

Fig. 6 

Fig. ? 

Fig. 8 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

Fig. 13 

Fig. 14 

FIG. 15 

CURVES FOR COUNTER-FLOW THREE-FLUID 

HEAT EXCHANGER TEMPERATURE EFFECTIVENESSES 

VERSUS NUMBER OF HEAT TRANSFER UNITS 

R* = 1.0 C} = 0.5 C* = 0.5 

20 
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graphs would be required. 

There are certain limiting conditions that must be satis¬ 

fied by the equations for et<ci and et,c2* 

1. If the exchanger has infinitely large heat transfer 

area, i.e., Ntu-, -* », then tc^ = t 
out 

c 2 
= t 

out 
h 

= the 
lout 

C = 0, cold fluid No. 1 will have no influence 
cl 

calorimetric mixed mean temperature 

2. If 

on the temperature picture in the exchanger. Then etiC2 

should reduce to the effectiveness expression for two-/luid 

exchangers . 

3. If 

on the temperatíre conditions in the exchanger. Consequently 

e should reduce to the effectiveness expression for two- 
t,cl 

Cc2 = 0, cold fluid No. 2 will have no influence 

fluid exchangers. 

4. When ^ 

three-fluid exchanger is equivalent to a two-fluid exchanger. 
'cl - Cc2 = Cc,tot/2! R- = 1; Atïn - ^ the 

In this case et>cl - etjC2 - e of a two-fluid exchanger. 

It can be shown that and c . reduce to the 
t ,c2 

proper form in all four limiting cases. However, the actual 

proof leads to fairly complicated algebra and will be omitted 

here. The reduction of €tjCl and et c2 ln CaSe 13 
«..d e. ^ are plotted 

t, c 1 t ,c2 
;* has values 
in 

illustrated in Fig. 14, where et)Cl an( 

for C* = 0.5, C* = 0.5, R* = I-©/ and At^ 

0.25, 0.5, 0.75, 1.0. 

It can also be argued that etjCl and et>c2 3hould 

reduce to the two-fluid effectiveness expression when = 0, 

and when IK = 0. However, this is not the case since it has 

, and €. ~ 
t,cl t,c 2 

tha^. been assumed in the derivation of e 

both U and U2 are different from zero. In going back to 

the original set of differential equations with U1 = 0 or 

U = 0, it is easily shown that in both cases the set of 

three equations reduce to a set of two equations, Identical 

to the set of equations obtained when analysing a two-fluid 

exchanger .■ 
26 



Temperature Effectivenesses, Counter-Flow 

A detailed derivation of e and . for the 
t,cl t,c2 

three-fluid counter-flow arrangement shown in Fig. 2 is pre¬ 

sented in Appendix II. Due to the complexity of the algebra 

only a discussion of the analysis is given here. The analysis 

is in all aspects similar to the one presented for parallel- 

flow exchangers. 

Referring to Figs. A4 and A5» an energy balance con¬ 

sideration on a differential element of the exchanger yields: 

d9l * Ccl ’ dtcl ;d<*2 = °c2 ' dtc2; dql + dq2 ' Ch ' dth 

The rate equations for the heat transfer rates through 

the differential areas dA^ and dA^ are: 

dQl = U1 • dA1 • (th - t^); dq2 = U2 * dA2 • (th - tc2) 

By combining the energy balance and rate equations the 

following set of linear differential equations is obtained. 

Ccldtcl + Cc2dtc2 = Chdth 

Co1dt^, = U-,dA, (t. - t„, ) cl cl 1 I'h cl' 

Cc2dtc2 = U2(dA1/A*)(th - tc2) 

On solving the set of simultaneous differential equations, 

and determining the constants of integration by applying as 

boundary conditions the inlet temperatures of the three fluids, 

the temperature effectivenesses are obtained as functions of 

the exchanger parameters. The same non-dimensional groupings 

are selected as for the parallel-flow case, and the temperature 

effectiveness equations are as follows, Eqs. (67, 68) in 

Appendix II. 

27 



[1 - EXP(EX2)] 

t,cl [1 - (B2 + 1) • EXF(EX2)] 

E3 • EXP(EX3)[l-EXP(EX2)]-B2 • exp(ex2)[i-exp(ex3)] 
+ 

[(b2 + 1)EXP(EX2) - 1] 

—1_[(BP + 1) • EXP (EX ) - C* • EXP(EX2) - C*} 
Ar In _ 

+ t,c2 - " Atfn c*[(b2 + i)exp(ex2) - 1] 

[(b3 + i)exp(ex3) - (b2 +i)exp(ex2)] 

f(B2 +1)EXP(EX2) - 1] J At*n 

"exp(ex2)[b2 + 1 - c*][(b3 +i)exp(ex3) -1.1 

C*[(B2 + 1)EXP(EX2) - 1] 

[(b3+i)ex?(ex3) - c* • exf(ex3)][(b2+i) exp(EX2) - 1] 

C2[(B2 + 1)EXP(EX2) - 1] At ; 

Where : 

w 4 (1 - cî ' ^ 
c* 1/2 

28 



Ci 

SS 
|lR* jè (1-C*) + l-c;)] 

1 
2 

C* 
[R* ^ (1-C|) + (1-C*)] Cî 

4R* (1-C*-C*) 
1, 2 

EXp = • Ntu-^ 

EX^ = • Ntu^ 

C2 ‘ At*n[(B2+l)EXP(EX2)-l] + [(B2+l)(l-C* • EXP(EX2))-CÎ] 

b2 • b3[exp(ex3)-exp(ex2)] + b3[i-exp(ex2)] - b2[i-exp(ex3)] 

+ [1-C*-C*][(B^+1)EXP(EX3) - (B2+1)EXP(EX2)] 

As seen, the equations for e, . and e for the 
Zr J C 

counter-flow exchanger are even more complex than for the 

parallel-flow exchanger. et cl and et c2 are plotted In 

Figs. 16-23 with the same values of the five parameters as for 

the parallel-flow exchangers. 

It should be noted that when (C* + C*)= 1.0, the two temp¬ 

erature effectiveness expressions for counter-flow exchangers 

are indeterminate. The derivation of the temperature effective¬ 

ness expressions for the case when (C* + C*) =1.0 is pre¬ 

sented in Appendix II (Eqs. (93>9M. and are rewritten here. 

et,cl 

Ntu^ 

1 + Ntu^ 
EXP(EX3) - 1 

[(b3+i )EXP(EXJ-1 ] N t u j 

[1 + NtUj] 



:t,c2 
Atïn 

1 - 
R*[ 1 + Ntu1] j At* 

atin 

+ 
S^+l-C* , 
[-2——^]exp(ex^)-i-[i-- 

C* -5 R*[l+i,.Wl 
—][(B?+l)-EXP(EX.)-l] 

R* [ 1+Ntu, ] -3 3 

K 

At* 

Where: 

B3 = - [R* (1 - C*) + (1 - C*)] 

EX3 = B3 • Ntu1 

K = 
[fiT + Ntu1] - At*^! + Ntu1] 

C* 
[(B3+l)EXP(EX3)-l][^r + Ntu1]-[(B3+l)(EXP(EX3) - ^-) + ^.] [ 1+Ntu: ] 

The temperature effectivenesses used for plotting Figs. 

15, 16, and 20 are obtained from these equations. 

The temperature effectivenesses for counter-flow exchanger:' 

must satisfy the same four limiting conditions as listed on 

page 26 for parallel-flow exchangers. It can be shown that all 

these conditions are satisfied. However, the actual proof leads 

to very Involved algebra and Is omitted here. The reduction 

of e. , and e „ In case (4) Is Illustrated In Fig. 15, 
j 1. 0 j ^ 

where et cl and et are plotted for C* = 0.5» C* = 0.5» 

R* = 1.0, and At*n has values 0.25» 0.5, 0.75, 1.0. 

Like the parallel-flow situation, for the U. = 0 or 

U, = 0 cases, the original three differential equations will 

reduce to a set of ^wo differential equations, Identical to 

the set of equations obtained when analysing a two-fluid counter¬ 

flow exchanger. 

30 



FIGS. 16-23 

CURVES FOR COUNTER-FLOW THREE-FLUID 

HEAT EXCHANGER TEMPERATURE EFFECTIVENESSES 

VERSUS NUMBER OF HEAT TRANSFER UNITS 

Ranges Covered 

R* 

0.5 

0.5 

0.5 

0.5 

2.0 

2.0 

2.0 

2.0 

0.5 

0.3 

2.0 

2.0 

0.5 

0.5 

2.0 

2.0 

0.5 

2.0 

0.5 

2.0 

0.5 

2.0 

0.5 

2.0 

Fig. 16 

Fig. 17 

Fig. 18 

Fig. 19 

Fig. 20 

Fig. 21 

Fig 22 

Fig. 23 
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V. DISCUSSION OF THE TEMPERATURE EFFECTIVENESS 

EXPRESSIONS AND GRAPHS 

Due to the algebraic complexity of the temperature 

effectiveness expressions for both counter- and parallel- 

flow exchangers, a Burroughs 220 digital computer was used 

for calculating the necessary values for drawing the curves. 

This insures an accuracy of calculation not obtainable by 

slide rule or desk calculator. The computer programs, 

together with the numerical values of et and efc C2 

used for plotting the graphs, are given in Appendices 

VI-IX. 

Negative magnitudes of e. , as large as approximately 

- 1.5 are obtained for large Ntu^^ (large exchanger sizes) 

under certain circumstances for both parallel- and counter¬ 

flow. In effect, the colder fluid is then cooling both the 

hot fluid directly and the other less cold fluid indirectly 

For the case of parallel-flow, when At*n = 0.25, C* = 2.0, 

C* = 2.0, R* = 2.0 and Ntu: = 5-0, et cl is calculated to 

be 0.4993 and et c2 is calculated to be - 0.9977, Fie- 13* 

The mixed mean outlet temperature for the infinite transfer 

area exchanger is: 

'h 
in 

C1 'cl 
in 

r* 
l2 'c2 

in 
'mix.mean Cî 

"C*"" 

Then ; 

_ ^ 
'mix.mean cl in 

’t ,cl 
‘In 

'cl in 

1 +CJ (1 - AtjJ 

1 + 0^ J- C* 

t ,cl 
__( - • ) .. 
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^rnix . mean ” ^c2 
in 

't ,c2 h - t 
in 

c 2 
in 

1 + Cl» + C* 

t ,c2 

1 + 2(1 

-5~ 

0.25' . 
- 1.0 

As seen, this asymptotic beravior is in full agreement 

with the Ntu, = 5 calculation. 

At first glance it may appear that some of the tempera¬ 

ture effectiveness curves should be symmetrical in t^ 

and et c^. As an example, it may appear that Fig. 16 

(with C* = 0.5, C* = 0.5 and R* = 0.5) and Fig. 20 (with 

C* = 0.5, C* = 0.5 and R* = 2.0) should be symmetrical. 

However, it must be stressed that there is no symmetry here. 

This is easily discovered by a closer investigation of the 

problem. 
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VI.LIMITATIONS TO THE THEORY IMPOSED 

BY THE IDEALIZATIONS 

The idealizations made in the development of the mathe¬ 

matical theory are listed on page 8. 

The specification of an adiabatic heat exchanger is not 

considered to introduce any slgnlileant error In applying 

the results. In most heat exchangers the rate of heat lost 

to the surroundings is in the order of a few per cent of the 

heat rate transferred between the hot and the cold fluids. 

However, if it is found that the heat exchanger cannot be 

considered to be adiabatic, an analysis can be carried out 

assuming the exchanger to be adiabatic, and the result can 

then be corrected for heat loss to the surroundings. 

The idealization of perfect mixing in each passage, i.e., 

that there is no temperature gradient across the passage 

normal to the flow direction, is made as a necessity for the 

analysis, but will not introduce a significant error in the 

results if the fluid temperature is treated as the mixed 

mean temperature at the section in question. 

Both the Idealizations of an adiabatic exchanger and of 

perfect mixing in each passage are also made in the analysis 

of two-fluid exchangers. Since these idealizations work out 

well In practice for two-fluid exchangers they should be 

equally applicable for the three-fluid exchanger. 

The idealization that the exchanger variables Cc 1, 

C , C . U, and are constant with temperature, and 
c2 h’ 1 2 
calculated at a "suitably" averaged temperature Impose a 

restriction on the theory developed in this report. In 

Reference [5} it is clearly demonstrated that this assump¬ 

tion is not valid for a three-fluid exchanger designed for 

streams of air, oxygen and nitrogen operating at high 

effectiveness and a wide temperature range as In an air 

38 



séparation plant. However, the idealization of constant 

thermal properties of the exchanger variables is a necessity 

in order to be able to solve the problem. If the termal 

properties vary with temperature, the differential equations 

become non-linear, and there is no hope of obtaining an 

analytical solution. One way to obtain a solution to such 

problems is then to make use of an analog computer. This is 

demonstrated In Reference [5] for a special case, but it must 

be emphasized that no general solution to the problem of 

variable properties three-fluid heat exchangers can be 

obtained using analog computer techniques. 

it appears that the Idealization of constant thermal 

properties of the exchanger variables present a serious limita- 

tion to the theory developed in this report. However, it should 

be realized that by calculating the exchanger variables at 

a "suitably'' averaged temperature, the correct performance 

prediction can always be made. The only problem is now to 

find this "suitable" average. It is very easy to estimate 

this average temperature after the exchanger has been built, 

but to estimate a "suitable" average temperature at the 

design stage requires experience. 

Another way of handling a design problem where the 

exchanger variables cannot be assumed to be constant with 

temperature, and where it is difficult to obtain a good 

estimate of the averaged temperature at which the exchanger 

variables are calculated, is described as follows: Analyze 

sections of the exchanger within which it is known that a 

suitable average of the thermal properties can be obtained. 

The outlet temperatures of one section are then the inlet 

temperatures of the next section. This method will usually 

involve a considerable amount of work, especially for a 

counter-flow exchanger wh^re an iterative procedure must 

be used . 

It should be pointed out that- the idealization of 



_ 

constant thermal properties also are made in the develop¬ 

ment of the general theory for two-fluid heat exchangers. 
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VII. APPLICATIONS OF THE DESIGN THEORY 

As has been pointed out previously, a complete graphical 

representation of the design theory is out of the question 

due to the large number of independent exchanger variables. 

The graphs presented for the temperature effectivenesses for 

parallel- and counter-flow exchangers give only limited 

information about their dependence upon the five non- 

dimensional exchanger variables C^, C^, R*, At£n and 

Ntu1. Nevertheless, the graphs are useful in preparing a 

preliminary design, using interpolation techniques, as will 

be demonstrated. Needless to say^ a considerable amount 

of Information about three-fluid exchangers in general can 

be obtained by inspection of the temperature effectiveness 

curves . 

To demonstrate the practical application of the design 

theory, three specific examples are considered. 

Example No. 1: 

The purpose of this example is to demonstrate the use 

of the temperature effectiveness curves when no interpola¬ 

tion is necessary. 

A three-fluid parallel-flow heat exchanger is available 

which has the following specifications and operating 

conditions: 

C* = 0.5, C* = 2.0, R* = 0.5, Ntu- = 0.75 

t 600° F 
h 
in in 1 n 

t 
h 

h 

in 

i : 

Thus 



It is desired to calculate the outlet temperatures of all 

three fluids. 

Entering; Pig. 8 or the tabulation in Appendix VII where 

C* = 0.5, C* = 2.0, R* = 0.5, á^d with At*n = 0.25 and 

Ntu-^ = 0.75, the temperature effectivenesses are found to 

be: 

and 

et,ci - ■ s,=2 ■ °-037 
the outlet temperatures are calculated to 

t.c 1 ' "h. _ c1j t., = t„, + e%cl • (t - ) 
c^out C^in 'in 'in 

' r> O ~ r'O ^^h tc2 
c2out C2in t'c2 -in C¿in 

be : 

4l6°F 

605.5°F 

From an energy balance consideration on the exchanger: 

= t 
‘out 

h, - ^ih-ci . 
in out 

- t_-, ) - C^(tc2 ^cl 
in 

- ^2 ) 
out in 

t. = 6o6°F 
hout 

As seen, the outlet temperatures are obtained readily, 

with a minimum of calculations, by using the temperature 

effectivenesses curves. 

In most practical design problems the temperature 

effectiveness curves cannot be used without making inter¬ 

polations. The following two examples, in which the calcula¬ 

tions are carried out in greater detail than in the first 

example, demonstrate the interpolation procedure. 

Example Mo. 2: 

Problem St a‘■ ~"n: : 

Consider the three-fluid counter-flow exchanger shown 

schematically in Fig. 24. It is desired to estimate th- 

outlet temperatures of all three fluids who--, th• • excharg r 

is operating ur : r 4 : • fell:wir? ndi t i vs : 
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r i 

* 

Cold fl'jld capacity rates: 

Hot fluid capacity rate: 

^525 Btu/hr 

L 2S0 Btu/hr 

465 Btu/hr 

°F with tln 

°F with tln 

°F with tln 

15ó°F 

90°F 

55o°F 

The first step is to calculate At* = 

- t , ). "Na.T.es" were assigned to the 
"in c¿in "in ciin 

two cold fluid streams such that At* has a value in the 
in 

range from, zero to unity. The cold fluid with the lowest 

inlet temperature is then named cold fluid No. 1; the cne 

with the highest inlet temperature is then cold fluid No. 2 
2 

The total areas of the two heat transfer surfaces are 11.0 ft 
2 

and 16.C ft , as shown in Fig. 24 Both these areas are hot 

fluid side magnitudes. The overall coefficient of heat trans¬ 

fer, U, based on the hot fluid vide areas, are estimated to 

be 32.5 Btu/hr ft2 °F and 35-5 Btu/hr ft2 °F, respectively. 

Since the cold fluid with the lowest inlet temperature 

is named cold fluid No. 1: 

Ccl = 280 Btu/hr °F, tcl = 90°F, A: = 11 0 ft2, 

U1 = 32 5 Btu/hr ft2 °F 

Cc2 = 525 Btu/hr °F, tc2 = 156°F, a = I6.O ft2, 

= 35-5 Btu/hr ft¿ °F 
d 

C = 465 Btu/hr °F, t. = 5^0 °F 
in 

Th* values of the five non-dimensloral operating and 

design parameters can now be calculated: 

et ‘= c y c. = 280/465 = C.602 
1 cl n 

C* - Cc/Ch = 525/465 - 1.13 

W* ' . A u, = (16.0 ■ 35.9/(11 0 .5) *= 1.59 
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FIG. 24 

SKETCH OF THE THREE-FLUID COUNTER-FLOW 

EXCHANGER ANALYSED IN EXAMPLE NO. 2 

FIG. 25 

SKETCH OF A TWO TWO-FLUID HEAT EXCHANGER 

SYSTEM WITH COUNTER-FLOW ARRANGEMENT WHICH 

IS EQUIVALENT TO THE THREE-FLUID EXCHANGER 

. ANALYSED IN EXAMPLE NO. 2 



C «465 Btu/hr °F 

A *11.0 ft2 
U «32.5 Btu/hr ft *F 

COLD FLUID 
t>> > > s / / / / rr.:/ / / / ¿J. 

HOT FLUID 
rs / s s s ss s ss/ssj 2 / 

COLD FLUID 

C *280 Btu/hr *F 

560 *F 
-K- 

C«525 Btu/hr PF 

A «16.0 ft2 
U «35.5 Btu/hr ft2 °F 

FIG. 24 

Aj-II.O ft2 
U,*32.5 Btu/hr ft2 #F 

EXCHANGER NO. I 

COLD FLUID 
s Ass / s ; s ss ; s / j s -fTm 

HOT FLUID 

Cc2 «525 Btu/hr #F 

Cc, *280 Btu/hr T 

EXCHANGER NO. 2 

HOT FLUID 
SSSS/SS/SSSSSSSs 

COLD FLUID 

Ch «465 Btu/hr T 

156 *F 

A *16.0 ft2 
U2 = 35.5 Btu/hr ft2 °F 

FIG. 25 



Atïn = (‘l 
- t 

'in 
c2 in 

)/(t h in 
t ) = 0.86 
clln' 

NtUj â A1U1/Ccl = (11.0)(32.5)/(280) = 1.278 

Figure 26 illustrates the graphical three-way interpola¬ 

tion procedure between R*, Cl^, and used for obtaining 

€, , and e. This procedure yields: 
t, c 1 t, c 2 

e. = 0.49 J = 0-41 

Table 1 presents a linear three-way interpolation which 

yields : 

S.ol = °-521 ; £t, = 2 * °-461 

As seen there is a substantial discrepancy introduced 

by a linear interpolation. 

In order to check the values of the temperature 

effectivenesses obtained by the linear and the graphical 

interpolation procedures, et cl and et)C2 were calculated 

using the equations given on pages 28 and 29 . Due to the 

complexity of the algebra, it takes approximately one hour, 

using a sliderule, to calculate the two desired values. 

The calculation yields: 

H,C1 = °-491 ; rt,c2 = °-406 

As seen, the values of C] ani^ €t c2 obtained 

from the graphical interpolation procedure agree with the 

values obtained from the numerical calculation, while the 

values obtained from the linear interpolation procedure are 

only within 13 per cent of the true values. Since approxi¬ 

mately equal amounts of work are involved in carrying out 

either Interpolation procedure, the graphical procedure 

shouId be used . 

It may seem that the time Involved both in carrying 

out the interpolation and in carrying out the numerical 

calculations i. appr/xirately ‘he same. However, it should 
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FIG. 26 

GRAPHICAL THREE-WAY INTERPOLATION BETWEEN 

R*, C*, C*, IN THAT ORDER, FOR THE ILLUSTRATIVE 

EXAMPLE NO. 2, FIG. 24. THESE GRAPHS DEMONSTRATE 

THAT A LINEAR INTERPOLATION BETWEEN FIGS. 15 TO 23 

RESULTS IN A RATHER POOR APPROXIMATION 
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TABLE I 

LINEAR INTERPOLATION FOR EXAMPLE NO. 2 

Row No._R* Cf Cp Atln Ntul £t.cl et.c2 

1 

2 

3 

FIG. 16 

FIG. 20 

Interpol, 
on R* 

0.5 0.5 0.#5 0.86 1.278 0.588 0.363 

2.0 0.5 0.5 0.86 1.278 0.555 0.73 

1.59 0.5 0.5 0.86 1.278 0.564 0.63 

4 

5 

6 

FIG. 18 

FIG. 22 

Interpol. 
on R* 

0.5 2.0 0.5 0.86 1.278 0.35 0.46 

2.0 2.0 0.5 0.86 1.278 0.30 0.74 

I.59 2.0 0.5 0.86 1.278 O.313 0.66 

7 

8 

9 

FIG. 17 

FIG. 21 

Interpol. 
on R* 

0.5 0.5 2.0 0.86 1.278 O.58 0.11 

2.0 O.5 2.0 0.86 1.278 0.475 O.267 

I.59 0.5 2.0 0.86 1.278 O.503 O.225 

10 

11 

12 

FIG. 19 

FIG. 23 

Interpol, 
on R* 

O.5 2.0 2.0 0.86 1.278 O.32 O.15 

2.0 2.0 2.0 0.86 1.278 0.22 0.27 

I.59 2.0 2.0 0.86 1.278 O.25 0.24 

13 
Interpol. 
between 
3 and 6 

I.59 0.602 O.5 0.86 1.278 O.547 O.632 

14 
Interpol. 
between 
9 and 12 

I.59 0.602 2.0 0.86 1.278 0.486 0.226 

15 
Interpol. 
between 
13 and 14 

I.59 0.602 1.13 0.86 1.278 O.52I 0.461 
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be emphasized that the numerical calculations are algebraically 

very complex and that a hard to detect numerical mistake 

is easily made, while in the graphical procedure an error 

will usually show up and can then be corrected. 

Having obtained the estimates for the temperature 

effectivenesses, the cold fluid outlet temperatures can be 

calculated. 

= 90 + 0.49(560 - 90) = 320°F 

= 156 + 0.41(560 - 156) = 32I°F 

t(cl(thin- tclj 

nnf = tc2l + €tic2^th. “ tc2. ) out in ’ in in 

;cl , = ^1, + e 
out in 

'c2 

* The hot fluid outlet temperature is now obtained from 

an energy balance consideration on the exchanger. 

Cv^ ̂'h " fch ' ~ Ccl^tcl tcl, ^ + Cc2^tc2 tc2. ) 
in nout cx out in out in in 

th 
out 

out 

= - ci»(t 
h. "I' “cl tcl. ) ~ C2^ 
in out in 

tc2 tc2. ^ 
out in 

th = 234°F 
out 

In order to get an estimate of the thermodynamical per¬ 

formance of the exchanger, Eq. (3) is used for calculating 
the overall heat transfer effectiveness of the exchanger. 

Eq* (3) gives e for the case when (C . + C „) > C, . 
Q * o ci.c<i n 

[cî t, c 1 + At * 
atin 

q.o 
et,c2^ ^1 l/R*J 

[Atîn 
+ i/r*] 

Introducing numerical values for the parameters ar. i get: 

e 
q,o 

0.76 

An overall heat transfer effectiveness of ?6 per cenf 

is then achieved in this specific exchanger operating under 
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the specified conditions. 

It would be interesting to compare the performance of 

this three-fluid exchanger with an exchanger system consist¬ 

ing of two two-fluid exchangers having the same heat transfer 

areas and the same overall conductances (i.e., the same 

and A2U2) and the same operating conditions. One 

such system is illustrated schematically in Pig. 25 with 

series flow of the hot fluid through the two exchangers. 

The outlet temperatures of the two cold fluids, and the out¬ 

let temperature of the hot fluid after having passed through 

both heat exchangers, are calculated by means of the method 

described in Reference [4]. The following outlet tempera¬ 

tures are obtained: 

tc2 = 262-F 
out 

t. = 263 °F 
hout 

For the equivalent three-fluid exchanger the following 

outlet temperatures were obtained: 

t , = 320°F 
clout 

t - = 321°F 
c2out 

= 234°F 
out 

The temperature effectivenesses for the two two-fluid 

exchanger system are: 

t £ (t - t , )/(t. - t„, ) = 0.625 
t’cl ^ clout c*ln ' hln clln; 

Ää “ (^j»o “ *'c 2 ) ^ r c 2, ) = 0.262 
• ' c¿out ir 

4- 



—Mimzsr.;. 

In order to compare the thermodynamical performance of 

the two two-fluid and the three-fluid exchanger systems, 

the overall heat transfer effectiveness of the two-fluid 

exchanger system, is calculated by using Eq. (3)- 

- et.cl + C3 • fltîn ' et.c2Hl + 1/R*! 

“ At*n + l/R* 

Substitution of numerical values for the parameters 

into this equation gives: 

e = 0.69 
q,0two-fluid system. 

As seen, the two two-fluid exchanger system has in this 

case an overall effectiveness that is 9 per cent lower than 

for the three-fluid exchanger. It can then be concluded 

that in this particular case the savings obtained in shell 

structure by going to a three-fluid exchanger design is 

accompanied by a 9 per cent increase in overall heat trans¬ 

fer effectiveness. It must be emphasized that no general 

conclusion can be drawn from the fact that in this particular 

case the overall heat transfer effectiveness for a two two- 

fluid exchanger system is lower than for. the equivalent three- 

fluid exchanger. It may prove that a parallel-flow arrange¬ 

ment for the hot fluid through the two two-fluid exchanger 

system can be optimised to yield a higher overall heat 

transfer effectiveness than the equivalent three-fluid 

exchanger. In making the decision of whether to build a two 

two-fluid exchanger system or a three-fluid exchanger, fac¬ 

tors like savings in shell structure, gain or loss In 

overall heat exchanger effectiveness must all be considered. 

This completes the analysis of this heat exchanger. 

As has been pointed out previously, the values for the temper¬ 

ature effectiveness expressions obtained by a graphical 

interpolation, can be expected to b^ within a few p< r cent 

of the •'rue values. A.' seer. free. * h- graphical in’erpe latlor 
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in Fig. 26, a better interpolation would be possible if an 

additional set of four temperature effectiveness curves 

were available for an intermediate value of R*, e.g., 

R* = 1.0. 

An interpolation by judgment will easily lead to erratic 

results and should only be used when a crude estimate of 

the temperature effectivenesses is required. 

Example No. 3î 

In most design problems, the designer, given the 

operating conditions, is required to estimate the "size" 

of the exchanger that will meet the specified operating 

conditions . 

Problem Statement; 

It is desired to design a three-fluid paral 1^1 - flow 

heat exchanger that will be operating under the following 

conditions : 

Cold fluid capacity rates: 

1050 Btu/hr °F, with tlp = 35°? and tout = 210°P 

625 Btu/hr °F, with tln = 120°F and tojt = 175°F 

The hot fluid capacity rate is I85O Btu/hr °F, with 

Fig. 27 illustrates the system that is to be analyzed. 

In this problem the quantity (A U ) must be determined 

for both heat transfer surfaces. 

The cold fluid with the lowest inlet temperature is 

named cold fluid No 1. Then: 

Ccl = 1050 Btu/hr °F; tcl 
! r. - it 

210 0 F 

Cc2 - 625 Btu/hr °F; to2 
in 

120°F; tc2 
. ;* 

= 175 °F 

C(. = I85O Btu/hr °F; th 
1 • 

^75°F; th 
u* 

357° F 



PIG. 27 

SKETCH OP THE THREE-FLUID 

PARALLEL-PLOW EXCHANGER ANALYZED 

IN EXAMPLE NO. 3 

FIG., 28 

SKETCH OP A TWO TWO-PLUID EXCHANGER 

SYSTEM WITH PARALLEL-FLOW ARRANGEMENT 

WHICH IS EQUIVALENT TO THE THREE-FLUID 

EXCHANGER ANALYZED IN EXAMPLE NO. 3 
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COLD FLUID 

C*I050 Btu/hr °F 
210 0F 

-H—► 

> j > > j > / > s > J / J /1 

HOT FLUID 
f/11/S S S ¿ 

•COLD FLUID 

l&SCT Btu/hr °F 

175 *F 
C*625 Btu/hr °F 

FIG. 27 

120 °F 

(A|U|) 

EXCHANGER NO. I 

COLD FLUID 

¿-¿Z- 
HOT FLUID 

EXCHANGER NO. 2 

■ HOT FLUID 

C , *1050 Btu/hr °F 
ci 

35 °F 
-X— 

Ch 

/ / s / j j > J J J J J T-r? Cc2*625 Btu/hr °F 

COLD FLUID 

475 °F 

Ck *1850 Btu/hr °F 
h 357‘F 

175 *F 

(A2U2) 

FIG. 28 



F 

The temperature 

et,cl = ^cl 
out 

- (t. 't,c2 ' c2 
out 

effectivenesses can now 

" tcl - t ! ) 
Ciin nln Ciln 

_ ^c2 ~ ^c2 ^ 
c¿in nin c¿in 

be calculated. 

= 0.398 

= 0.155 

The non-dimensional exchanger variables are: 

Cï è Col/Ch - °-568 

C2 ’ Cc/Ch = °-338 

Atïn ê 
in 

'c 2 
in 

)/( tv - t 
in 

cl 
in 

) = O.806 

In entering Fig. 6, where R* = 0.5» = 0.5» and 

C*2 = 0-5, with Ntu^ = 1.0 and At*n = O.806; find 

et cl = O.475 and e. c2 = 0.283. Since the actual 0^ = 0.338, 

the actual e. 0 will be larger than 0.283 for this set of 

values for the five parameters. Since the desired value of 

e. _ is O.I55, it is clear that R* must be less than 0.5. 
u j C 

At a smaller R*, e. , will be larger and e _ will be 

smaller for the same values of the other four parameters. 

Therefore, the following values of Ntu^ and R* are taken .as 

a first estimate. 

Ntu1 = 0.75 ; R* = 0.25 

The temperature effectivenesses are then calculated, 

using the equations given on page l8, with the following 

numerical values of the five parameters: C* = O.568, 

C* = 0.338, At*n = O.8O6, R* = O.25, Ntu1 = O.75. 

The calculations yield: 

e 

As seen, 

value and t _ 
t ,c2 

For this design 

t,cl 

,cl 

= 0.425 et,c2 = °-137 

is 6.8 per cent higher than the desired 

is 11 per cent lower than the desired value, 

example the estimates of Ntu, and R* are 
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considered to be satisfactory for a first approximation. 

However, if a better accuracy is desired, an iterative pro¬ 

cedure is used. Ntu^ and R* are adjusted, the calculation 

of et and e^. c2 is repeated, and their values compared 

with the desired values. The number of iterations that 

are necessary will depend upon the skill of the designer. 

Having the value of Ntu^, (A^U^) may be calculated. 

Ntux = (A1U1.)/Ccl 

(A1U1) =• Ccl • Ntu1 = 788 Btu/hr °F 

And knowing (A^U-^), (A2U2) niay be calculated. 

R* â (A2U2)/(A1U1) 

(A2U2) = R* (A1U1) = 195 Btu/hr °F 

A comparison between the "size" of the heat transfer 

surface in a three-fluid exchanger and the size of the heat 

transfer surface in a two two-fluid exchanger system, operat 

ing under the same conditions, would be appropriate. Such 

a two two-fluid exchanger system is illustrated in Fig. 28. 

The two quantities (A^U^ ) and (A0U2) for the two two-fluid 

exchangers are calculated by means of the method described 

in Reference [4], and the following values were obtained. 

(A1U1) = 630 Btu/hr °F : (A2U2) = 156 Btu/hr °F 

As seen, the "size" of the heat transfer surface for 

the two two-fluid exchanger system is considerably less 

than for the three-fluid exchanger. (AU)total ~ (A^l^) + (A 

for the two-fluid system is approximately 20 per cent less 

than the total "size" of the heat transfer area in the three 

fluid exchanger. It must again be emphasized that no 

general conclusion can be drawn from the fact that for this 

exchanger the total "size" of the heat transfer surface for 

the t wo-fluid system is less than for the three-fluid 



exchanger. 

Savings in shell structure, and the size of the total 

heat transfer surface are the two main factors that must 

be considered when making the decision on whether to build 

a two two-fluid exchanger system or a three-fluid exchanger. 

In this example it was demonstrated that the tempera¬ 

ture effectiveness curves are helpful in obtaining the 

first estimate of the "size"' of the two heat transfer sur¬ 

faces in a three-fluid heat exchanger. 
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VIII. SUMMARY AND CONCLUSIONS 

In this thesis the general design theory for three- 

fluid parallel-flow exchangers, and for one arrangement of 

counter-flow exchangers has been developed. The performance 

of the three-fluid heat exchangers has been expressed as 

two temperature ratios, e , and e, _, which are functions 

of five other non-dimensionalized exchanger variables; C*, 

C£, R*, At*n and Ntu-^. Due to the large number of 

exchanger variables a complete graphical description of 

£. , and e. 0 is out of the question. However, a 

set of graphs is presented for two values (0.5 and 2.0) of 

R*, Cl* and C£; four values (0.25> 0.50, 0.75 and 1.0) of 

At*n and for Ntu^ in the range from 0 to 5-0. A good 

understanding and insight into the difficulties encountered 

in designing three-fluid heat exchangers can be achieved 

by a thorough inspection of the presented graphs. 

In spite of the incompleteness of the graphical 

representation, the graphs can be extremely helpful to a 

designer, as some insight into the physical design problems 

of three-fluid exchangers is gained thereby. This is 

demonstrated in three design examples. These examples also 

illustrate the application of the theory to specific design 

problems. 

An overall heat exchanger effectiveness expression is 

derived. This expression compares the actual heat transfer -at 

in the exchanger to the thermodynamically limited heat 

transfer rate; achieved in a counter-flow three-fluid 

exchanger with infinite heat transfer area, operating mb' r 

the same conditions. This expression enables the designer 

to compare his design with the thermodynamically limited 

design . 

Whenever applicable, the three-fluid exchanger has 

been compared with the two-fluid exchanger. 



¥ 

The idealizations made in deriving the theory may at 

first glance seem to put heavy restrictions on the practical 

use of the theory. However, it is shown that these 

restrictions can be relaxed by a skilled designer. 

The design theory has been developed explicitly for 

two cold fluids and one hot fluid. Clearly, this same 

theory will apply to the case of two hot fluids and one cold 

fluid, since the hottest cold fluid is obviously the 

coldest hot fluid 

In order to test the adequacy of the theoretical analysis, 

an experimental test was performed on a three-fluid exchanger 

This work is described in Appendices III and IV. Excellent 

agreement was found between the test results and the results 

predicted from the theoretical analysis, both for parallel- 

and counter-flow exchangers. 
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IX. RECOMMENDATIONS POR FURTHER WORK 

Solutions have been obtained for one arrangement of 

parallel-flow, and for cne arrangement of counter-flow. It 

may now be interesting co obtain solutions for the flow 

arrangements shown in Pig. 3* 

In many design problems the exchanger parameters cannot 

be assumed to be constant with temperature. It would be 

very worthwhile to develop a. technique for applying the 

presented design theory to such problems. 

The designer may be interested in maximizing the over¬ 

all heat exchanger effectiveness of his design for a given 

transfer area. The values of the independent and dependent 

exchanger variables -- R*, C^, C£, et,cl and et,c2 

at which e is a maximum should, therefore, be 
q, o 

established . 

The feasibility of using the log-mean rate equation 

approach, as illustrated in Appendix V, to three-fluid heat 

exchangers having "odd behavior" temperature conditions 

as in Figs. l8, 19, 22, 23 should be investigated. 
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APPENDIX I 

MATHEMATICAL DEVELOPMENT OF THE TEMPERATURE 

EFFECTIVENESS EXPRESSIONS FOR THE 

PARALLEL-FLOW EXCHANGER 

The objectives of this appendix are to present a detail¬ 

ed mathematical derivation of the temperature effectiveness 

expressions, e, , and e. 
t,cl t,c2 

The three-fluid parallel-flow exchanger is described 

schematically in Fig. Al. Temperature conditions in the 

exchanger are described schematically in Fig. A2 (for 

Ccl < Cc2 < Ch) ' 
From an energy balance consideration on a differential 

element of the exchanger, 

(1) ; dq: + dq2 

In addition to the energy balance, two rate equations 

may be written for the heat transfer rates, dq^ and dq,,, 

through the differential areas, dAj and dA^. 

Combination of (l) with (2), and introducing the defini¬ 

tion A* = Aj/A^ = dA,/dA2, yields 

(3) 

(5) 
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FIG. Al 

SCHEMATIC DESCRIPTION OP A THREE-FLUID 

PARALLEL-PLOW HEAT EXCHANGER WITH 

TWO COLD AND ONE HOT FLUID 

PIG. A2 

SCHEMATIC DESCRIPTION OF THE TEMPERATURE 

CONDITIONS ÍN A THREE-FLUID PARALLEL-PLOW 

HEAT EXCHANGER WITH TWO COLD AND ONE HOT FLUID 
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V 

Ccl 

ch 

Cc2 

Ccl < Cc2 <ch 

FIG. A2 



Equations (3, 4, 5) are a simultaneous set of three . 

linear first order differential equations for the tempera¬ 

tures t ,, tc2, and th. The method of solution of this 

set of equations follows the standard procedure for solving 

a set of linear differential equations as outlined in 

References [l, 2, 3J» 

Rearranging (3), (^)> (5) 

dt 
cl 

'cl dA- 

dt c 2 
:2 clX 

dt 
+ C 

h 
h dA1 = 0 (6) 

Ccl dtcl , t 
U-L dAx cl 

- t„ = 0 (7) 

Cc2 A# dtc2 t 
u2 A c 2 

- th = 0 (8) 

In operational form 

CclDtcl 
"t C «Dt o c 2 c 2 + ChDth 

= 0 

Ul 
(D + rr^ci 

c 1 
Ccl h 

= 0 

U, u. 

(D + -X r*^c2 ” Î ^A* 'h 
uc2 c2 

= 0 

In order to have a nontrivial solution of the system of 

equations the determinant of the system must vanish. 
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A = 

CclD 

U, 
D + 

cl 

Cc2D 

U2 
D + ~c—S’* 

°c2a 

ChD 

U1 

Ccl 

U2 

• 0 

Evaluation of the determinant leads to the following 

characteristic equation. 

1,3 + [c~p' ( 1 + + (1 + lc2a °h °cl °h 

+ [ 
U0 Un C , C 0 
2 1 / T * c 1 , c2\ i — (1 + *— + —) Jr = 0 

CC2A* Ccl 

Solution of this cubic equation in r gives 

rl = 0 

1 U9 Cr>0 U1 

¿ Lc2A Uh 0cl Ch 

± è 
r /t , c2\ , u 1 /t , cIm ,./ u 2 \/ul \ /ucl ^c2\ 
—T*(1+C—'1 + ü—' —ã*-)(õ—)(1+r——) 

Uc2A °h Ucl °h ^02* Ccl Ch Ch 

U 
u; 

c2r 

U. C- Cc 

'h "h 

1/2 

And the solutions to the set of three linear differential 

equations for tcl> tc2, and t^ are: 

Vl r^Al tcl = 3l + a2e - + a3e 

r0A. 

tc2 - bi + b; + b. r3Al 

(9) 

(10) 
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f 

th « di + d2e + d3e 3 (11) 

The nine constants of integration must be determined by 

the boundary conditions, which are the inlet temperatures 

of the three fluids. 

i.e.: at A-^ - 0: tc-^ - ^cl^ ' ^c2 

Into Eq- . (9), (10), and (ll) 

t _ 3 = an + a0 + a-j 
clm 1 2 3 

t 0 = b-, + bQ + b-, 
c2ln 1 2 3 

t. = d, + d + d^ 
hin 1 2 3 

'h 

(12) 

(13) 

(14) 

Furthermore, the solution for ^c2 an<^ ^h musl 

satisfy the original differential equations (6), (7) and (8). 

Substitution of (9), (10) and (ll) back into (6), (?) and (8) 

yields the following eight relations between the nine con¬ 

stants of integration. 

&1 - dx - 0 (15) 

b, - d1 = 0 

üf- a2r2 + a2 ‘ d2 0 

(16) 

(17) 

Cc 2A* 
U2 °2r2 + b2 

(18) 

Ccla2 Cc 2b2 Chd2 
- 0 ( 19) 

» . 



’ 

u^1 a3r3 + a3 ' d3 0 
(20) 

C A* 
°c2a 

b3r3 + b3 “ d3 ' 0 

Ccla3 + Cc2b3 + Chd3 " 0 

(21) 

(22) 

Six of the constants can now be expressed as functions 

of the remaining three constants: 

(23) Prom (15) and (l6): a^ = b-^ = 

From (I?): do = a? (rr^ rp + 1 ) 2 VU. 
(24) 

c c c 
From (19): bo = + 7^- (rT^" r? + ^ ^ ^ 

¿ ¿ °c2 uc2 U1 
(25) 

From (20): d^ = a3 (^- r^ + l) ( 2Ó ) 

C -, C, C , cl . h / cl 
From (22): b-j = - a-,[pC 1 + (tt— + 1)] 

3 3 üc2 üc2 U1 
(27) 

Substitution of these expressions Into (12), (13) and (14) 

gives : 

'Cl = a! + 
Ciin 

a 2 + 3 

(28) 

c. 
r_li 4. Jl r— T (fp- r^+l)]a. 
'c2 uc2 U1 

(29) 
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Hf 

' Y_ 
hin 1 

(ü^ r2 + 1 ^a2 + (üf r3+1)a3 {30) 

Solution of (28), (29) and (30) for the constants &1, 

) 

a2 and a^ gives: 

(t h 
- t 

al ~ + 
1 in 

in 

Wl Cc2\ Cc2 (t _ t 
)(1+ -X-) - 7!- V 

clin _h —i"_ 
c2 

"^1 . ^0 2- / T , 0 -1 . ^ a \ 

(1 7^— T 7T. ' 
h h 

in 

(t h 
- t 

a2 = 
in 

u Ccl , Cc2\ 
)(1+ 71- + ñ ) 

Clin ^ ^ Ch 
IT 

, , . 'cl , c2\ 
+ Ü“ + h h 

r (t. - tc? )- (t - tcl )(1 + 
U-, 3 C hln c2in hln_in_^- 
—-*--—e-—c- 

/ ycl 
1 + ^-) 

Ch ch 

an = 

Ccl rCc2 (t 
Ü7" r2[^ (tt 

- t 
in 

c 2 
in 

) - (t )0+ h in 
^c 1 ^ - Cv 
Ciin 

z, cl . ”c? 

ll+^TT^ 
)(1-, - >-,) 

'cl 
U 

(r, - 1-,)-+1 

■q.. (23), (25) and (27) ?lve bj, bj, b3 In terms of aj 

a 2, a ^ 
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bl = al 

r^cl , /^c^- r + i)] 
b2- - a2 ^ + r2+ ,J 

b a, + -3+1)] 3 3 cc2 lc2 u1 :> 

At the outlet section of the exchanger, i.e., at A1 = ^lT> 
, . _ / ^ \ I / 1 A \ 

hcl " tcl . out 
then become: 

and tc2 = hcS 
. Equations (9) and (10) 

out 

r2AlT r3AlT 
:cl . = al + a2e + a3e 

out 

(31) 

"2A1T k r3AlT 
'02 = bl + b2e +b3e 

out 

(32) 

Substitution of a1, a2> a^ and b^j^, b2> b^ lnt0 (30 

and (32) yields, with some algebraic manipulation, the follow¬ 

ing equations for the temperature effectiveness expressions 

et,cl and £t,c2: 

i + c* (i - At*n) exp(ex2) - exp(ex3) 

h ’ C 1 (1 + C1J + C*) (B, - BO 

[B2 • EXP(EX^) - • EXP(EX?)][C^(At*n- l) - l) 

[1 + C* + c*Hb2 - b31 
(33) 



i - °î -11 

-t»c2 = [1 + c* + c*] 

1 +c* + B3 

L C2 J 
[1 + c* + c*][b2 - b3] J 

EXP(EX3) 

'l +C*+ B3 pi+cj+c|) sy:.-B3ic2-s^i1+c?)1 

-
1 

♦
CM 
O
 i 

[1 + Cf + c*][B2 - b3] 
exp(ex2] 

Where the following definitions are made: 

a hm c2iJi 
Atin t. - t^ 

hin in 

C* = ^ 
1 uh 

C‘2â^ 
2 üh 

R* ê A2U2/A1U1 

P A^ir„- - ^IR* ^|(1 + C|)+ (1+CÎ )) 

2 C* 
[R* £1<1+c*) +(1+ Cl*)] -4R* C1+c*) 

¿ - 

1/2 
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C c + 
b3 â -^7 • r3 = - l[R* C| d-'-c?) + (1 + c*)! 

Cti’ 2 c# 2 
[R* ^ (Í+G*)+ (Í +G*)] . 4R* ^ (i + Cif-l- C*) 

EX2 = B2 • Ntux 

EX3 = B3 • Ntux 

NtUl â A^j/C^ 

In this appendix two equations for the temperature effec¬ 

tivenesses, ttjCl and et c2, for parallel-flow exchangers 

have been derived. €t,cl and c2 are found to be func- 

tlons of five independent non-dimensional exchanger variables; 

Ci», C*, R*, At*n, and Ntur 



APPENDIX II 

mathematical development of the temperature 

effectiveness expressions for the 

COUNTER-FLOW EXCHANGER 

The objectives of this appendix are to present a detailed 

mathematical derivation of the temperature effectiveness 
and g for the counter-flow exchange 

expressions, ef cl ana et,c2 , 
The three-fluid counter-flow exchanger is described 

schematically in Fig. A3- Temperature conditions in the 

exchanger are described schematically in Fig. A4 (for 

Ccl <The^method used for deriving the temperature effec¬ 

tiveness expressions for a counter-flow exchanger is 

identical to the method used in Appendix I for obtaining 

and 
c for a parallel-flow exchanger. Some of 
t,c2 

thfdetalls In*the mathematical development will, therefore, 

be omitted in deriving et^cl and 
e for counter-flow 
t ,c2 

Will-1. - -- U , ^ J. -- , . T 

exchangers, and the reader Is referred to Appendix I for 

these details. 
Prom an energy balance consideration on a differentia 

element of the exchanger 

^1 = Ccldtcl ; dq2 * Cc2dtc2 ' dql + dq2 = Chdth l35> 

Rate equations for the heat transfer rates through the 

differential areas dA. and dA- ‘1 2 

dqx = U1dA1(t^ - tcl) ; dq2 = U2dA2(th - tc2) 

Combination of (35) and (- ). and Introducing the 

. Û A/A- = dA1/dA2, yields. 

(36) 

defini* lor A 



FIG. A3 

SCHEMATIC DESCRIPTION OF A THREE-FLUID 

COUNTER-FLOW HEAT EXCHANGER WITH 

TWO COLD AND ONE HOT FLUID 

FIG. A4 

SCHEMATIC DESCRIPTION OF THE TEMPERATURE 

CONDITIONS IN A THREE-FLUID COUNTER-FLOW 

HEAT EXCHANGER WITH TWO COLD AND ONE HOT FLUID 
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1 

Ccl <cc2<ch 

FIG. A4 



Coldtcl + Co2dt=2 ■ Chdth 

Ccldtcl = UldAl(th ' ^ 
dA1 

Cc2dtc2 = U2 ~T* (t 

Rearranging (37)> (38) and (39). 

dt 

tc 2^ 

(37) 

(38) 

(39) 

ycl 
'cl dA 

C n dt^-, 
cl _Cl t 

U-j^ dAx cl 

dtc2 
+ Cc2 TÃY 

p dth 
Ch ÏÏÂ7 

= 0 

- t. 

(40) 

0 (^1) 

Cc2A* dtc2 
U, dA- 

4- t 
c2 

- t 

In operational form: 

CClDtCl 

U1 
(D + 7S-)t 

+ Cc2Dtc2 

h 

ChDth 

= 0 (42) 

0 

U 

c 1 
'cl c 1 

^ =0 

U2 
(° + C 0Ä*^c2 

c 2 

U, 

h 

= 0 

m order to have a non-trlvlal solution the determinant 

of the system must vanish. 

A = 

CclD Cc2D ChD 

U 
U 

D + 
1 

7i 

u, 

1 

01 

u. 
D + Cc2A* 
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Evaluation of this determinant leads to the following 

characteristic equation. 

U2 fl Cc2x . 

^(1 

Ut G,, 0 
1 (1 - ¿¿)]r2 

[ 
Cc2A* Col ' 

0]r - 0 
h h 

Solution of this cubic equation in r gives. 

r1 = 0 

«= - itAnr (1 + (1 2lCc?A* cl 
££1)1 
C ‘ - 

- 2 
uo C 0 U, 2 UQ 

C2)+ 7^-(1 - TT^)] -4 2 r—JT»'1 ?—) ?— 
Cc2A Ch Ccl 

u’ d-Ccl-Cc2) \ 1 — F—1 
h 

Ü-Ä*-Ü—^ Ü“ 
c 1 h h 

And the solutions to the set of three linear differential 

equations for tcl, tc2 and th are: 

r2Al r3Ai 
tcl = kl + k2e . + k3e 

r 2Ai r 3A1 
tc2 = £1 + £2e + £3e 

(43) 

(44) 

r2Ai r A: 
th = m1 + m2e + m^e (4e.,) 

The nine constants of integration must be determined by 

the boundary conditions, which are the Inlet temperatures 

of the three fluids. 

le.: at A1 = 0: tcl - tcl ; tc2 = tc2 
! r. 
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at - A1t: th th 
in 

Into Eqs. (43), (44) and (45). 

tclin = kl + k2 + k3 

^c2, * + i2 + 5 
in 

r2AlT x m pr3AlT 
= m.. + m0e + 

hm 1 2 15 

(46) 

(47) 

(48) 

Substitution of (43), (44) and (45)'back into the 

original differential equations (40), (4l), and (42) yields 

the following eight relations between the nine constants of 

integration . 

kl “ mi = 0 

^ = 0 

(49) 

(50) 

ü~ k2r2 + k2 - "2 * 0 
(51) 

Gp0A* 
— £2r2 + £2 - m2 = 0 

Cclk2 + Cc2£2 " Chm2 = 0 

# k3r3 + k3 - m3 ■ 0 

r a* 
°c2A 

£3r3 + £3 " m3 = 0 

Cclk3 + Cc2¿3 " Chm3 = ° 

(52) 

(: O 

(54) 

(55) 

(56) 

?4 



Six of the constants can now be expressed as functions of 

the remaining three constants. 

Prom (49) and (50): ^ = = mi 

C. 

cl 

Prom (51): m2 = r2 + 

c c 
From (53): ^2 ~ ^2^^” r2 + ^ 

Prom (54): m^ = r^ + l) 

c c c 
Prom (56): i, = ^[7^-(77-^- ro + !) - 

^ °c2 U1 ^ c2 

(57) 

(58) 

(59) 

(60) 

(61) 

Substitution of these expressions for the constants 

of integration into (46), (4?) and (48) gives 

tcl - ki + 
in 

k2 + k3 (62) 

t „ = k, + [Í_(^ir +1)-^i]k + [^M^-r3+l)- ^-]k (63) 
c2in 1 ^ U1 2 ^2 2 Cc2 U1 3 °c2 5 

t = k + [(^-r +1) e2 1T]k + [(^r +l)e 3 1L)*3 (64) 
h ! Ui 2 2 u1 d 

r n • A IT 

Solution of (62), (63) and (64) for the constants U}, 

k0 and k3 gives. 

KUP 
3 " KLOW 



k2 ~ 

(‘h - ‘cl >- l'\T- r3 + i'6 3 - lJ • 
hin Ciln U1 ^_I 

iiûf1 r2 + 
r2AlT . X] 

kl = ‘cl 

<‘h,.-‘=i,„) -t<5fr3+1)er3AlT- in in 

in 
[<üf r2+ 

ñ A 
2 IT _ 1j 

Where : 

KUP = rr— (th - t / i .y 
Ch nin C¿in U1 

C -, 
)['^ r 2 l)e ̂ IT . ^ 

+ (\n' r2 + 1)(1 ' 2 1T) 

Cl 

h 

KLOM - r2r3ler3AlT 
uf 

r2AlTi e J 

+ U7r3[1 - e 
2"1T¡ . ££1 P2[1 . er3AlT) 

c ^ C. , r-,A,„ C. , r^A, 
+ U . ^ . ¿£iU(^ir +I)er3-1T . (^I +1)e 2 IT) 

Lh Lh U1 ^ 1 

Equations (57)* (59) and (6l) give ^-n terms of 

kl* ^2* 

- k 

/o = l 

1 

Cu c,, 

c— ( 
^02 U1 ¿ 

çSijkg 
^02 2 
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I 

S * [<^ (ÜT r3 + 11 • cr:lk3 c 2 

At the cold fluid outlet section of the exchanger 

Ai = A1T and ‘cl = ‘cl ‘c2 = ‘c2 • 
out out 

Equations (43) and (44) then become 

r2^1T r3^1T t, =k + k e * 1 + k,e -5 cl . 1 2 3 
out ^ 

(65) 

^o^it r3AiT 
'c2 " *1 + A26 + 5e 

out • 
(66) 

Substitution of k^, k^, k^ and £^, £^, £^ Into 

(65) and (66) yields, with some algebraic manipulation, the 

following equations for the temperature effectiveness 

expressions €, , and e, 0: 

[1 - EXP(EX0)] 

t,Cl [1 - (b2 + 1) • exp(ex2)] 

• exp(ex3)[i - exp(ex2)]- b2 • EXP(EX2)[l - EXP(EX3)] 

[(B0 + 1) • EXP(EX0) - 1] 
K 

(67) 
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I 

€ = 1- -J—+ .lrl* 
et,c2 At*n + 

^-[(B2+l)- EXP(EX2)-C*- EXP(EX2)- c*] 

C*[(B2 + 1) • EXP(EX0) - 1] 

[(B3 + 1) EXP(EX3) - (B2 + 1) EXP(EX2)] 

[B2 + 1)EXP(EX2) - 1] 

K 
At J _ * 'in 

EXP(EX2)[B2 + 1 - C*][(B3 + 1)EXP(EX3) - l] 

C^[(B2 + 1)EXP(EX2) - 1] 

K 

Atïn 

[(B3+1)EXP(EX3) -C* • EXP(EX3)][(B2+1)EXP(EX2) -l] 

C*[(B2 + 1)EXP(EX0) - 1] 
At * 
ûtin 

(68) 

Where: 

t cî 
B2 = ' Í[R* Ü| (1 * C2) + (1 ■ Cî)] 

+ è 

C* 2 C* 
[R* ^(1- C*) + (1 - C*)) - 4R* ^(1 - C* - C*) 

1/2 

B-, = 
i c! 

- i(R* (1 - c$) + (1 - C?)J 

Ct 2 C* 
[R* ^1(1 - C*)+ (1 - C*)] - C* - C|) 

1/2 

EX. = B2 • Ntux 

EX. = B3 • Ntu^ 
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C* • At»n[(^+l)iEXP(5X2)-l] + [(^+1)(1-C| • EXP(EX2))-C»] 

b2 • b3[exp(ex3)-exp(ex2)] + b3[i-exp(ex2)] - b2[i-exp(ex3)] 

+ [i-cj-c*][(b3+i)exp(ex3) - (b2+i)exp(ex2)] 

The two equations for etiCi and et,c2 the counter" 

flow exchanger are indeterminate for the case whon 

(C* 4. C*) = 1.0. In order to obtain a solution for et(Ci 

and et c2 when (C* + C*) = 1.0, it is necessary to go back 

to the solution of the characteristic equation on page 73. 

When (C* + C*) = 1.0, ^=0 and r2 = 0, and the 

solutions to the set of linear differential equations are: 

'cl 
= + k2A| + k3e 

r3Al 
(69) 

'c 2 = + ^2A1 
+ 

r3Al (70) 

= m. m2A j m3e r3Al (71) 

The remainder of the analysis is now identical to the 

analysis performed for the case when (0^ + 0*) are different 

from 1.0. 

Applying the boundary conditions 

£ 1 + £ 3 

nu + m2A ^t + m3e 
r3AlT 

(73) 

(7^) 

Substitution of (69), (70) and (71) back into the 
original differential equations yields the following eigh* 

relations between the nine constants of integration: 
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k2 - m2 = O 

lr¿ - m2 = O 

Cclk2 + =02½ * Chm2 * 0 

Cclk3 + =02½ ' Chm3 - ° 

üf- k2 + kl - ml - 0 

ûf r3k3 * k3 - m3 ' ° 

ÎÇ- + - ">i = 0 

'c2 
U, 

+ L = 0 

Six of the constants are now expressed as 

the remaining three constants. 

k2 = m 2 

^c 1 
“l ’ kl + ~ k2 

m3 ' (Ü7 r3 + 1)k: 

'3 ' r3 + l) ' 
cl]k 
c2 

‘i - ki+ üf k2 ' 

(75) 

(76) 

(77) 

(73) 

(79) 

(80) 

(81) 

(82) 

functions of 

(83) 

(84) 

(85) 

(86) 

(87) 

Substitution cf these expressions for the 

of integration into (72), (73) an<3 (f4) gives: 

con.'.tar.' :■> 
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f 

tclin - kl + k3 

tc2 = kl + ÏÏ21 k2 " ir^A*k2 + ^ (r^ r3+l)" C£i] k3 c2in 1 U1 2 U2 2 Cc2 \J1 3 0c2 3 

'cl 
thln " kl + Wf’ k2 + k2 A1T + '•U1 r3 + 1 ^k3 

Solving (88), (89) and (90) for the three constants 

k^, k2, and k^: 

(88) 

(89) 

(90) 

k_, = 
‘ V + Ntui] - (\n- + 

3 r 
[(ïïf r3 + 1) e —T lU^F + NtuJ 

- Küf r’3 + 3 - c 
r3AlT £h_) + Ssi-Ul + Ntu.) 

c 2 'c 2 

k^ = 
‘Sn’ ' U 

Di r3 + l)er3A^ - 1],; 'cl 

lüf + hT1 

kl = cclln- k3 

Equations (83), (86) and (8?) give i2> l3 In terms 

of* k3* 

- kl + (ïïf - ïïf A*)k2 

- k. 

£ rCh ,£ci 

'3 - (U! r3 
D 'c 1 

] k - 
c 2 
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and At the cold fluid outlet section = A^ 

= tc± i tc2 = tc0 . Equations (69) and (TO) then 
out ^ ^"'out 

become: 

:c;Lout = kl + k2AlT + k3e 

r3AiT 

'c 2'out + £2A1T ^ £3e 
r3AlT 

(91) 

(92) 

Substitution of k1, k2, k^ and into 

(91) and (92) yields, with some algebraic manipulation, 

the following equations for e( 

(Cj + C*) . 1.0: 
■t,cl ana £t,c2 when 

Ntu, 
r — - 1 

[ ( B-j+l )EXP( EX-, ) -1 ]Ntu, 
PYPÍFY J • K t,cl , klt 1 

1 + Ntu1 _ J [1 + Ntux] 

(93) 

£t,c2- H —1 + d 
Atïn 

» 
'In R*[ 1 + Ntu, ] At< 1 : 

B-3+l-Cf , 
--]EXP(EXn)-l-[ 1- ---] [ ( B^+l )EXP(EX-, ) -1 ] 

R*[l+Ntu1] 

K 

Atin 

(9^) 

where : 

n c 1 
B3 " U1 r3 

CT 
[R* ^ (1 - C*) (1 - C})] 

EX , = = • Ntu1 
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K = 
+ Ntux] - At*n[l + NtuxJ 

.. , Cf 
[(B3+l)EXP(EX3)-l][^r+ Ntu1]-[(B3+1)(EXP(EX3) - ^)+ ^*][l+Ntu1] 

It should be noted that when Ci» = CÇ = 0.5> R* = 1> 

At*n = 1, then the three-fluid exchanger becomes a two- 

fluid exchanger with C /C, = 1.0. The effectiveness 
V* n 

expression for a two-fluid counter-flow exchanger with 

C /C, = 1.0 is given in Reference [4]. 
c h 

Ntu 
€ = T T ' Wû 

It is easily demonstrated that when = = 

R* = 1, At*n = 1; the temperature effectiveness expressions 

for the three-fluid counter-flow exchanger with 

(C* + C£) =1.0 becomes: 

Ntu-^ 

et,cl “ €t,c2 “ 1 + Ntu^ 

This is identical to the effectiveness expression for 

two-fluid exchangers. 

In this appendix the temperature effectiveness expressions 

for a three-fluid counter-flow exchanger have been derived. 

There are two cases which must be distinguished, 

C* + C* ¿ 1.0 and Cl* + C* = 1.0. In both cases et 

and e _ are found to be functions of five independent 
Is J NS £. 

non-dimensional exchanger variables: C*, C^, R*, At* and 

Ntu ^. 
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APPENDIX III 

VERIFICATION OF THE PARALLEL-FLOW HEAT EXCHANGER 

DESIGN THEORY-BY EXPERIMENT 

The objective of the experiment described here was to 

perform an experimental test for the adequacy of the theoretical 

analysis for the three-fluid parallel-flow exchanger. 

The test was performed on a three-fluid exchanger avail¬ 

able in the university laboratory. This water-to-water 

heat exchanger consists of three concentric tubes;.the outer 

tube is insulated with 85 per cent magnesia insulation. The 

exchanger may be connected in parallel- or counter-flow 

arrangement by means of external hose connections. Fig. A5 

shows a sketch of the three-fluid exchanger, and Fig. a6 • 

shows a flow diagram of the parallel-flow test set-up. 

More specifically, a description of the heat exchanger 

is : 

Tube O.D. I.D. 
Wall 

Thickness 
Free Flow 

Area 
Hydrau]ic 

Dla. 

#1 0.625 ln. O.57O in. 

#2 0.875 ln. O.805 in. 

#3 I.I25 in. 1.055 in. 

O.O275 in 

0.035 in. 

O.035 in. 

0.00177 ft2 0.0475 ft 

0.00141 ft2 O.OI5O ft 

O.OOI89 ft2 O.OI5O ft 

Effective length, i.e., length with fluid on both sides: 

Tube #1: 127.4 in. 

Tube #2: 120.75 in. 

Effective heat transfer area, based on effective length 

and inside diameter of tubes. 

Tube #1: 1.584 ft2 

Tube #2: 2.121 ft2 

The same three-fluid heat exchanger has in previous 

experiments been used In 'an undergraduate laboratory course 



FIG. A5 

THE THREE-FLUID CONCENTRIC 

TUBE TEST HEAT EXCHANGER 

SEE PAGE 84 FOR DIMENSIONS 

FIG. A6 

FLOW DIAGRAM FOR THE 

PARALLEL-FLOW TEST SET-UP 
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r i 

to demonstrate the valio’ity of the two-fluid exchanger 

design theory for counter- and parallel-flow (only two of 

the fluid passages were then used), and also for U-flow. 

Excellent agreement was then obtained between measured and 

predicted performance. 

Test Procedure: 

(a) Adjust the two cold streams and the hot stream flow 

rates to the desired values. 

(b) Wait for steady-state to occur. 

(c) Record inlet- and exit temperatures of all three 

fluids. 

(d) Measure the flow rates of all three fluids using 

bucket, scale and a stopwatch. 

As pointed out previously in this report, €fc cl and 

e ^ are functions of the following five non-dimensional . 
t, c 2 

parameters; Ntux, R*, At*ln, C* and C*; and in order to use 

the equations for et cl and et c2 it is necessary to know 

the values of Ntu^ = and R* = (A2U2)/(A^U-^), or 

specifically, the values of and must be determined. 

Uj is a function of the flow rates of cold fluid No. 1 and 

the hot fluid, and U? is a function of the flow rates of 

cold fluid No. 2 and the hot fluid. 

U1 and Up were obtained experimentally by using the 

following method: 

(a) After the data for a run with three fluids was 

recorded, cold fluid No. 1 was disconnected from the ex¬ 

changer by removing the hose connection. (No valve was 

touched in order to preserve the original flow rates.) n8w 

the two-fluid exchanger with cold fluid No. 2 and the hot 

fluid flowing was tested using the following procedure: 

(b) Wait for steady-state to occur. 

(c) Record inlet and outlet temperatures of both fluids. 
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(d) Repeat measurement of the flow rates. 

After this test was concluded, the cold fluid No. 1 

was reconnected and cold fluid No. 2 was disconnected. Then 

the above three-step procedure was repeated for the two- 

fluid exchanger with cold fluid No. 1 and the hot fluid 

flowing. 

The theory for two-fluid parallel- and counter-flow 

heat exchangers has been well established. Reference [4] 

gives the derivation of what is termed "Effectiveness-Ntu 

relations" for parallel- and counter-flow heat exchangers. 

For parallel-flow: 

1 _ e~Ntu(1 + Cmln//'Cmax^ 

1 + ^min^Cmax 

max possible 

Where by definition: 

e = q/q 

and consequently 

£ , Jiin-, for Ch - Cmln < Cc 
^h ” ^c nin in 

£ , >ut , Cln , for Cc = Cmln < Ch 
^h ~ ^c in in 

Ntu = (A Uave>/C min 

Knowing 

<Auave) * 

and Cmlp/Cmax > (AUave> ^ be calCUlated 

£n[ T 
G ^ 1 + ^min^nax ^ 'min 

^1 + Cmln^Cmax ^ 
(95) 
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Using equation (95)* (A1U1) may be calculated using the 

data obtained from the test of the two-fluid exchanger with 

cold fluid No. 1 and the hot fluid; and (A^U^) may be cal¬ 

culated using the data obtained from the test of the two- 

fluid exchanger with cold fluid No. 2 and the hot fluid. 

Then Ntux = (A1U1)/Ccl and R* = (A2U2)/(A1U1), the two 

remaining parameters in the three-fluid temperature effect¬ 

iveness expressions, may be calculated. 

Five runs were taken with different values of the five 

parameters Ntu-^, R*, At£n, C^, and C£. The measured values 

of the temperature effectivenesses, and the values calculated 

from equations (33) and (3^) in Appendix I are tabulated in 

Table Al. The values of the overall heat exchanger effective¬ 

ness, calculated from equation (2) or (3)* are also given 

in Table Al. 

The predicted values of e. , and e. 0 were obtained 

on a Burroughs 220 digital computer. As seen, an excellent 

agreement was obtained between the predicted and the measured 

temperature effectiveness expressions. The largest discrepancy 

was found in run no. 1, where e. , predicted was 2.2# 
V • w .L 

higher than e, , measured, and e, - predicted was 2.5# 
ujCJ. t ß C ¿z 

lower than e. _ measured. In run no. 1, the estimated 
V j C ¿ 

uncertainty interval in the measured e , and e 0 

was + 4.0#. As seen, the predicted values are well within 

the uncertainty interval. For the other four runs the diff¬ 

erence between the measured and the predicted values are 

within + 1.6#. 

It can then be concluded that the theoretical analysis 

is correct, since the predicted and the measured temperature 

effectivenesses are within the experimental uncertainties 

for all five runs. It also follows that the Idealisations 

made in the derivation of the temperature effectiveness 

expressions are valid for the tested heat exchanger. 
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APPENDIX IV 

VERIFICATION OF THE COUNTER-FLOW HEAT EXCHANGER 

DESIGN THEORY BY EXPERIMENT 

The objective of the experiment described here was to 

perform an experimental test for the adequacy of the theoret¬ 

ical analysis for the three-fluid counter-flow exchanger. 

The test was performed on the same three-fluid heat 

exchanger as was used for verifying the parallel-flow theory. 

Fig. A7 shows a flow diagram of the counter-flow test set-up. 

For a description of the exchanger, the reader is 

referred to Appendix III. The same test procedure was 

followed as for the three-fluid parallel-flow test. 

U-^ and U2 were obtained experimentally by means of the 

procedure used in Appendix III. Reference [4] gives the 

derivation of what is termed "Effectiveness-Ntu relations" 

for two-fluid counter-flow exchangers, 

for two-fluid counter-flow: 

e 
1 - 

1 ” ^min^max 

e-Ntu (1 

e-Ntu(1 

Cmln///Cmax^ 

Cmin^Cmax^ 

The definitions of e and Ntu are given in Appendix III. 

Knowing e and Cmln/Cmax , (AUave) may be calculated. 

<AUave> ' 

In [- 

1 - € C /C min' max i r 
1 - c ""J‘ °mln 

^mln^max ^ 

A1U1 and A^U0 are then calculated using the same method 

as in Appendix III. 
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FIG. A? 

FLOW DIAGRAM FOR THE 

COUNTER-FLOW TEST SET-UP 
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Four runs were taken with different values of the 

five parameters Ntu-^, C^, and R*. The measured 

values of the temperature effectivenesses, and the values 

calculated from Eqs. (67,68) in Appendix II are tabulated 

in Table A2. The valued of the overall heat exchanger 

effectiveness, calculated from Eq. (2) or (3)> are also 

given in Table A2. 

The predicted values of e^ and e^.>c2 were obtained 

on a Burroughs 220 digital computer. As seen, there is good 

agreement between the predicted and the measured temperature 

effectivenesses. The largest discrepancy is found in run 

no. 2, where predicted was 2.7$ higher than et,cl 

measured, and e^ C2 predicted was 3*9$ higher than et>c2 

measured. The estimated uncertainty interval for the temp¬ 

erature effectivenesses In run no. 2 was + 4.0$. The pre¬ 

dicted values are then within the uncertainty limits of the 

measured values. In the other three runs the difference 

between the predicted and the measured Is less than + 2.6$. 

It can then be concluded that the theoretical analysis 

for the counter-flow exchanger Is correct, since the predicted 

and the measured temperature effectivenesses are within + 3*9$ 

for all four runs. 
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APPENDIX V 

AN APPROXIMATE METHOD OF HANDLING 

A THREE-FLUID HEAT EXCHANGER DESIGN PROBLEM 

The objective of this appendix is to present a brief 

description of an approximate method of handling a three- 

fluid heat exchanger design problem. It is probable that 

this is the method currently used in industry. 

The Log-Mean Rate Equation Approach 

For a description of a three-fluid parallel-flow 

exchanger the reader is referred to Figs. A1 and A2, and for 

a counter-flow exchanger to Figs. A3 and A4. 

The heat transfer rate equations may be written as 

follows: 

where: 

ql 

q2 

A1U1 

A2U2 

A 
mean,1 

A „ 
mean,2 

(97) 

(98) 

q1 = Heat transfer rate from the hot fluid 
to cold fluid No. 1. 

q2 = Heat transfer rate from the hot fluid 

to cold fluid No. 2. 

mean,l = The true mean temperature difference for 

heat transfer between the hot fluid and 

cold fluid No. 1; in. effect, defined by 

Eq. (97). 

mean,2 = The true mean temperature difference for 

heat transfer between the hot fluid and 

cold fluid No. 2; in effect, defined by 

Eq. (98). 



The true mean temperature differences are functions 

of the terminal temperatures of the fluids for a given flow 

arrangement 

Amean,l ^ ^ thJ 1^ terminal 

Amean,2 " ^ ^ ^"h, tc2^ terminal 

The energy balance equations are: 

ql + 1,2 = Ch (thln ' ^out’ 

q -. “ C n ' ( t -i 
1 cl clout cnn 

q° = Cc2 ^tc2 " ^ out 

- t-l,J 

c2. 
’in 

(99) 

(100) 

(101) 

(102) 

(103) 

The procedures for handling two- typical design prob¬ 

lems, assuming Eqs. (99,100) are available in explicit form, 

now follow: 

Problem 1: Given A^, U^, k^t ^ci» ^h 

inlet temperatures; determine the outlet 

temperatures. 

(1) Assume q^ and q,-, and solve for the outlet 

temperatures from Eqs. (101), (102) and (103)- 

(2) Calculate ¿meanjl and imean> 2 from Eqs. (99) 

and (100). 

(3) Check initial assumption of q] and q^ 

using Eqs. (9?) and (98). 

(4) Repeat as necessary. 

Problem 2: Given 1^, U2, Ccl, Cc2, Ch and the terminal 

temperatures; determine the necessary A, 

and A2- 

(.) Calculate 4^^ and from ■«*. (M) 
and (100). 

(2) Calculate q, and qQ from Eqs. (101), (102) 

and (103). 

(3) Calculate A- and A. from Eqs. (97) and (98). 
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In design problems of the type of Problem 1, the 

mean temperature difference rate equation approach involves 

successive approximations, while the design theory presented 

in this report is straight forward. 

In design problems of the type of- Problem 2, both 

the mean temperature difference rate equation approach and 

the design theory presented in this report are straight 

forward. 

The problem is now to determine the true mean temp¬ 

erature differences -, and A 0. 
mean,1 mean,¿ 

The log-mean temperature difference between the hot 

and the cold stream is defined as follows: 

a A. - A . 
A in out 

in<Aln/Aout> 

(104) 

where: 

= Temperature difference between the two fluids 

at the hot fluid inlet section 

A .= Temperature difference between the two fluids 
out 

at the hot fluid outlet section. 

It should be emphasized that the log-mean temperature 

difference has been well established as the correct mean for 

heat transfer for two-fluid counter- and parallel-flow 

exchangers. Furthermore, correction factors have been 

developed analytically to beappliedto fbr a variety of two-f iuld 

flow arrangements to obtain the correct Ame,m. The present 

theory allows the development of correction factors to be 

applied to Ato obtain the correct AmQ„^ for each of 

the two sides of a three-fluid exchanger. If these factors 

turn out to be close to unity A^ can be used as the true 

mean temperature difference In practical problems. 

Table A2 in Appendix IV presents the measured perform- 
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1 

anee of a three-fluid counter-flow exchanger, together with 

the predicted performance obtained from the design theory. 

As a preliminary check on the feasibility of using the log- 

mean temperature difference as the correct mean difference 

for three-fluid counter-flow exchanger calculations, the 

performance of run 4 in Table A2 will be predicted using 

as Amean* 

Prom the run 4 data sheet: 

thln = ”F’ ‘cl,. = 63'5 °P; = ?4-9 -P 
’in 

Gd = 694 Btu/hr °P; Cc2 = 508 Btu/hr 0F; Ch = 979 Btu/hr °F 

A1U1 = Btu/hr °F; A2U2 = 6l4 Btu/hr °F 

The procedure outlined in Problem 1 of this Appendix 

is now used for calculating the outlet temperatures of the 

fluids with: 

Aln,l ~ Aout,l 
me an,1 q /a /a \ in (Aln>1/Aoutjl) 

A 
Aln,2 " Aout,2 

mean, 2 In ^* out ,2] 

where: 

Aln ' (‘h in 'out 

û°ut ■ (thoUt " S/ 

with matching subscripts 1 or 2, 

The calculations yield after five iterations: 
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A T mean,1 

t 
cl out 

qi = 31(,700 Btu/hr; q2 - 19,700 Btu/hr 

113-5 °F ; t - 134 “P ! 4h = u9-9 °F 
c¿out out 

Then: 

As seen, there is very good agreement between 

these predicted temperature effectivenesses and the more 

rigorous theory results. (See Appendix IV, Table A2, run 4.) 

e is 3# higher than the theory result while et>C2 is 

0.5# higher than the.result obtained from the rigorous theory. 

It can then be concluded that in this particular case 

if is feasible to use the log-mean temperature difference as 

the correct mean difference for three-fluid counter-flow 

exchanger calculations. In run 4 C* = 0.709, =• 0.519, 

R* = 1.04. Fig. 15, giving etjCl and et,c2 for R* = ^0, 

C* = 0.5, C£ = 0.5, illustrates then the temperature conditions 

in the exchanger in run 4. As seen, the temperature picture 

is "well behaved", and this is the reason why the log-mean 

rate equation approach works out well in this particular case. 

It is not expected that the log-mean approach will give good 

results if applied to an exchanger with "odd behavior" 

temperature conditions as in Figs. 18, 19, 22, 23* 
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APPENDIX VI 

MACHINE PROGRAM POR CALCULATING 

THE TEMPERATURE EFFECTIVENESSES 

FOR THE PARALLEL-FLOW EXCHANGER. 

COMPUTER TYPE: BURROUGHS - 220 

COMPUTER LANGUAGE: BALGOL 

COMPUTER TIME: 7 MIN. (FOR 432 POINTS) 

PROGRAM NOMENCLATURE: 

Cl 

C2 

R 

TR 

NTU1 

ETC.I 

ETC 2 

- c* - o1 

- p* - o2 

= R* 

= At* 
in 

= Ntu, 

= £ 

= £ 

t. Cl 

t,c2 
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2 S 5*1 

?_ 

JOB 05/23/62 »0007MIN_SORLIE 

LOAD BALGOL_ 

T 

2 COMMENT THREE FLUID PARALLEL FLOW HEAT EXCHANGER ETC CALCULATION > 

2 WRITE (S* HED) $ _ _ - 

2 FORMAT HEP (B6»*R*tB15 t«Cl»tBl5>»C2*»B15i*TR*»B15«*NTUl»»B15»*£TCl*»- 

2 B151 *ETC2* #W2 ) $ __ _ 

2 FOR R-0.5«l.0<2.0 S 

2 FOR Cl«0.5»2.0 3_____——--- 

2 FOR C2-0.5.2.0 * 

2 FOR TR»0.25.0.50.0.75.1.0 * 

2 FOR NTU1»0.0»C.1.0.2.0.5.0.75.1.0.2.0.3.0.5.0 »_ 

2 BEGIN 

2 A*IR.(C1/C2 ) .(1+C2 ) >♦(l+Cl I * 

2 B2«-(0.5 ) .A'HO.S ) .SORT I A«2-».R. (C1/C2 ) »« l-*-Cl*C2 11 *_ 

2 B3*-(0.5).A-(0.5).SORT CA*2”A.R,(C1/C21.(1+C1+C2 ) ) $ 

2 EX2>(B2I•(NTU1) * 

2 EX3«(B3).INTUI I »___ 

2 ETCl-((-C2.TR*l*C2)/(l*Cl*C2))♦(EXP(EX2)-EXP(EX3))/(B2-B3) 

2 ♦((B2.EXP(EX3)-B3.EXP(EX2)).(C2.TR-1-C2)1/((1+C1*C2).(B2-B3)) » 

2! D-U»C1*B3)/C2 »_ 

2 E*B2.(C2-(1+C2)/TR)-(1*C1^C2)/TR » 

2 F•( 1 + C1>B2t/C2 * 

2 G»( l.Cl.C2)_/TR-B3»(C2-( l*C2l / TR) *_ _ 

2 H-(1.C1+C2).IB2-B3) t 

2 ETC2*(1“C1/TR.C1I/(1*C1*C2I_(D.(E/H|,EXP(EX3II-(F,(G/HI.EXP(EX2)) 5 

2 WR I TE ( t>00 .FORM ) %_____ 

2 output odir.ci.C2.tr.ntui .etci .etc2i» 

2 format FORM!7F16.8.W2) S 

2 END t___ 

2 FINISH S 
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APPENDIX VII 

TABULATION OP THE NUMERICAL' VALUES, 

OBTAINED FROM THE COMPUTER PROGRAM IN APPENDIX VI, 

USED FOR PLOTTING THE TEMPERATURE EFFECTIVENESS CURVES 

FOR THE PARALLEL-FLOW EXCHANGER (FIGS. 6 - 14) 
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* 

(Mg. 6) 

R* - 0.50 

Cj* - 0.50 C2* - 0.50 

(Kg. 7) 

R* - 0.50 

Cj* - 2.00 Cg* • 0.50 

(Fig. 0) 

R* - 0.50 

ïj* - 0.50 Cg* - 2.00 

At 
ln 

lftux €t,cl €t,c2 S.cl £t,e2 *t,cl *t(c2 

0.25 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0926 . 01*35 

.1718 .0757 

,3l<60 .1222 

.41*M .121*0 

.5108 .1072 

.6300 - .0129 

.6635 - .1128 

.6015 - .2083 

0 0 

.0056 .1076 

.1407 .0062 

.2607 - .2656 

.3090 - .5696 

.3301 - .8454 

.3020 -1.3056 

.3906 -1.4034 

.3920 -1.4275 

0 0 

.0926 .0111 

.1710 .0197 

.3477 .0340 

.4437 . 0370 

.5096 .031*9 

.6266 .0063 

.6615 - .0265 

.6064 . .0749 

0.50 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0923 . 01*59 

.1700 . 001*3 

.31*25 .1650 

.1*31*0 .2067 

.1*952 .2320 

.5952 .2631 

.6167 .2615 

.6237 . 25½ 

0 0 

.0946 ,l4o4 

.1453 .1952 

.2400 .1406 

.2095 .0336 

.3135 - .0601 

.3406 - .2375 

.3554 - .2750 

.3571 - .2853 

0 0 

.0923 .0117 

.1707 .0219 

.3419 .0456 

.4323 .0597 

.1*919 .0703 

.5025 .0950 

.5943 .1079 

.5075 1229 

0.T5 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0920 .01*66 

.1697 .0072 

.3370 .1803 

.1*237 .23^ 

.4796 .2736 

.5607 .3551 

.5700 .3063 

.5659 •‘‘OÖZ 

0 0 

.0036 .1514 

.1419 .2315 

.2353 .2760 

.2700 .2414 

.2090 . 2017 

.3152 .1106 

.3202 .1000 

.3214 .0954 

0 0 

.0920 .0119 

.1700 .0226 

.3361 .0495 

.4209 .0673 

.4742 .0022 

.5302 .1245 

.5271 .1527 

.4006 .1008 

1.00 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0917 .0470 

.1606 .0066 

.3316 .1076 

.4134 .2460 

.4640 .2944 

.5262 .4011 

.5231 .4487 

.5061 .4052 

0 0 

.0026 .1>Ó9 

.1305 .2497 

.2226 .3437 

.2505 .3453 

.2645 .3326 

.2010 .2966 

.201*9 .2000 

.2057 .2050 

0 0 

.0917 .0120 

.1605 .0230 

.’.303 .0514 

.I1O96 .0711 

.4565 .0001 

.4939 .1393 

.4599 .1751 

.3097 .2210 

102 



, ^Mmutryrvtr- 

(Fig. 9) 

R# - 0.50 

C,* - 2.00 C* - 2.00 
- 

(Fig. 10) 

R* . 2.00 

Cj* » 0.50 c2* . 0.50 

(Fig. 11) 

R* - 2.00 

C1* - 0.50 Cj* ■ 2.00 

Atin* «“i et,cl £t,c2 et,el €t,c2 *1,01 *t,c2 

0.25 

0 
.10 
.20 
.50 

.75 

1.00 
2.00 
3.00 
5.00 

0 0 

.0656 . 0293 

.II465 .0273 

.2603 - .0701 

.3106 - .18^ 

.3IA5 - .2976 

.4210 - .6292 

.4588 - .8062 

.4867 - .9471 

0 0 

.0919 .1557 

.1695 .2419 

.3412 .2768 

.4367 .2028 

.5046 .1122 

.6342 - .1322 

.6718 - .2148 

.6861 - .2469 

0 0 

.0918 .0419 

.1692 .0702 

.3383 .1011 

.4308 .0924 

.4961 .0703 

.6271 - .0300 

.6761 - .0900 

.7065 - .1319 

0.50 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0845 .0379 

.1447 .0573 

.2443 .0581 

.2834 .0328 

.3069 .0031 

.3538 - .0918 

.3759 - .1431* 

.3934 - .1846 

0 0 

.0908 .1643 

.1658 .2718 

.3256 .40l6 

.4109 .4091 

.4701 .3882 

.5804 .2988 

.6119 .2647 

.6239 .2513 

0 c 

.0907 . 0442 

.1651 .0784 

.3190 .1400 

.3956 .1627 

.4453 .1719 

.5289 .1663 

.5538 .1546 

.5679 .1453 

0.75 

0 

.10* 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0634 .0408 

.1410 .0674 

.2263 .1008 

.2562 .1054 

.2693 .1033 

.2867 .0673 

.2931 .0775 

.2981 .0696 

0 0 

.0900 .1671 

.1621 .2818 

.3100 .4432 

.3851 .4779 

.4356 .4802 

.5265 .4424 

.5519 -4245 

.5616 .4174 . 

0 0 

.0895 .0450 

.1610 .0012 

.2995 .1530 

.3605 .1861 

.3945 .2057 

.4308 .2317 

.4315 .236) 

.4293 .*377 

1.00 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0824 . 0423 

.1372 .0724 

.2123 .1221 

.2290 .1417 

.2317 .1535 

.2195 .1T69 

.2102 .1880 

.2026 .1967 

0 0 

.0886 .1686 

.1583 . .2868 

.2944 .4640 

.3593 

.4011 .5262 

.4726 .5143 

.4920 .5045 

.4993 .5004 

0 0 

.0884 .0453 

.1570 .0826 

.2800 .1595 

.3254 .1978 

.3437 .2226 

.3326 .2645 

.3092 .*770 

.2907 .2840 
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r 

(Kg. 12) 

R* - 2.00 

C* - 2.bo C?* - 0.50 

(Fig. 13) 

R* - 2.00 

Cx* - 2.00 Cg* - 2.00 

(Fig. 14) 

R* « 1.00 

|c1# - 0.50 c* - 0.50 

Atln 
RtUj H.cl €t,c2 Sjd *t,c2 St,cl ‘t,c2 

0.25 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.081*1 .2700 

.11*67 .0895 

.2655 - .6003 

.3191 - .91*00 

.3502 -I.I502 

.3881 -1.3973 

.3923 -1.1*250 

.3929 -1.1*285 

0 0 

.0836 .0922 

.1449 .0582 

.2662 - .2194 

.3317 - .4294 

.3784 - .586? 

.4668 - .8871 

.4909 - .9692 

.4993 - -9977 

0 0 

.0923 .0638 

.1710 .1402 

.3451 .1999 

.4406 .1796 

.5073 .1327 

.6310 - .0700 

.6681 - .1784 

.6850 - .2399 

0.50 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0810 .3708 

.1382 .3601* 

.21*1*3 . 0809 

.2918 - .0727 

.3193 - .1623 

.3529 - -2718 

.3567 - .281*2 

.3571 - .2657 

0 0 

.0799 .1222 

.1333 .1508 

.2286 .0814 

.2771 .0077 

.3113 - .01*92 

.3756 - .1588 

.3934 - .1888 

.3995 - .1992 

0 0 

.0918 .0884 

.1689 .1566 

.3354 .2774 

.4232 .3188 

.4823 .3324 

.5843 .3039 

.6116 .2730 

.6233 .2533 

0.75 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0778 .1*01*3 

.1297 .1*507 

.2230 .3079 

.261*1* .2191 

.2881. .1670 

.3177 .1033 

.3210 .0961 

.321!* -0952 

0 0 

.0761 .1322 

.1217 .1817 

.1910 .1816 

.2224 .1334 

.2441 .1299 

.2846 .0840 

.2958 .0714 

.2997 .0670 

0 0 

.0912 .0899 

.1669 .1621 

.3257 . 3032 

.4058 .3652 

.4573 .3990 

.5376 .4285 

.5552 .4235 

.5616 .4178 

1.00 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0747 .4211 

.1213 .4959 

.2017 .4215 

.2371 .3649 

.2576 .3316 

.2825 .2909 

.28*3 .2663 

.2857 .2857 

0 0 

.0724 .1372 

.1101 .1971 

.1535 .2317 

.1678 .2263 

.1769 .2195 

.1937 .2053 

.1963 .2013 

,1999 .2001 

0 0 

.0906 . 0906 

.1648 .1648 

.3161 .3161 

.3884 .3884 

.4323 .4323 

.4908 .4908 

.4988 .4988 

.4999 .4999 

io-. 



(rig. 9) 

R* . 0.50 

Cj* - 2.00 Cg* . 2.00 

(Fig. 1C) 

R* • 2.00 

Cj* - 0.50 Cg* - 0.50 

(Fig. 11) 

R* » 2.00 

C* - 0.50 Cg* - 2.00 

ûtin‘ ■tu. et,cl £t,c2 et,cl £t,c2 £t,cl £t,c2 

0.25 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0656 . 0293 

.11(05 . 0273 

.2603 - .0701 

.3106 - .181*9 

.31*1*5 - .2976 

.1*210 - .6292 

.1*588 - .8062 

.1*887 - .9471 

0 0 

.0919 -1557 

.1695 .2419 

.3412 .2768 

.4357 .2028 

.5046 .1122 

.6:,42 - .1322 

.6718 - .2148 

.61361 - .2469 

0 0 

.0918 .0419 

.1692 .0702 

.3383 .1011 

.4308 .0924 

.4961 .0703 

.6271 * .0300 

.6761 - .0900 

.7065 - .1319 

0.50 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.081*5 .0379 

.11*1*7 . 0573 

.21*1*3 .0581 

.2834 .0328 

.3069 .0031 

.3538 - .0918 

.3759 - .1434 

. 3931* - . 181*6 

0 0 

.0908 .1643 

.1658 .2718 

.3256 .4016 

.4109 .4091 

.4701 .3882 

.5804 .2988 

.6119 .2647 

.6239 .2513 

0 0 

.0907 . 0442 

.1651 .0784 

.3190 .1400 

.3956 .1627 

.4453 .1719 

.5289 .1663 

.5538 .1546 

.5679 .1453 

0.75 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.O83I* .0l*08 

.1410 .0674 

.2283 .1006 

.2562 .1054 

.2693 .1033 

.2867 .0873 

.2931 .0775 

.2961 .0696 

0 0 

.0900 .1671 

.1621 .2818 

.3100 .4432 

.3851 -4779 

.4356 . 4802 

.5265 . 4424 

.5519 .4245 

.5616 .4174 

0 0 

.0895 .0450 

.1610 .0812 

.2995 .1530 

.3605 .1861 

.3945 .2057 

.4308 .2317 

.4315 .2361 

.4293 .2377 

1.00 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0824 .0423 

.1372 .0724 

.2123 .1221 

.2290 .1417 

.2317 .1535 

.2195 .1769 

.2102 .18110 

.2028 .1967 

0 0 

.0886 .1686 

.1583 .2868 

,3944 ,464o 

.3593 -5123 

.1*011 .5262 

.4726 .5143 

.4920 .5045 

.4993 .5004 

0 0 

.0884 .0453 

.1570 .0826 

.2800 .1595 

.3254 .1978 

.3437 .2226 

.3326 .2645 

.3092 .2770 

.2907 .2840 
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APPENDIX VIII 

MACHINE PROGRAMS FOR CALCULATING 

THE TEMPERATURE EFFECTIVENESSES 

FOR THE COUNTER-FLOW EXCHANGER 

COMPUTER TYPE: BURROUGHS - 220 

COMPUTER LANGUAGE: BALGOL 

PROGRAM NOMENCLATURE: 

Cl 

C2 

R 

TR 

NTU1 

ETC 1 

ETC 2 

r* 

r* 
C2 

R* 

At* 

Ntu, 

t,cl 

t,c2 

PAGE 106; PROGRAM FOR CASE WHEN (C* + C^) / 1.0 

COMPUTER TIME: 6 MIN. (FOR 288 POINTS) 

PAGE 107:PROGRAM FOR CASE WHEN (C* + C*) = 1.0 

COMPUTER TIME: 3 MIN. (FOR 108 POINTS) 
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APPENDIX IX 

TABULATION OF THE NUMERICAL VALUES, 

OBTAINED FROM THE COMPUTER PROGRAMS IN APPENDIX VIII, 

USED FOR PLOTTING THE TEMPERATURE EFFECTIVENESS CURVES 

FOR THE COUNTER FLOW EXCHANGER (FIGS. 15 - 23) 

0 
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(Fig. 15) 

R* - 1.00 

Cj* - 0.50 C2* - 0.50 

(Fig. 16) 

R* - O.50 

Cj* . 0.50 c2* - 0.50 

(Fig. 17) 

R* - O.5O 

Cj* «0.50 C2* - 2.00 

* 
ûtin «“i £t,cl £t,c2 £t,el £t,c2 £t,cl £t,c2 

0.25 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0^5 .0645 

.1721 .1446 

.3559 .2431 

.4657 .2800 

.5495 .3018 

.7409 .3697 

.8251 .4497 

.8933 .5934 

0 0 

.0927 .0436 

.1729 .0773 

.3586 .1393 

.4702 .1668 

.5558 .1845 

.7547 .2360 

.8443 .2983 

.9148 .4349 

0 0 

.0927 .0111 

.1729 . 0200 

.3583 .0372 

.4696 .0451 

.5549 .0500 

.7529 .0595 

.8414 .0688 

.9063 .0932 

0.50 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0920 .0888 

.1703 .1594 

.3484 .3033 

.4533 .3790 

.5330 .4339 

.7162 .5677 

.8001 .6499 

.8733 .7534 

0 0 

.0925 .0460 

.1719 .0852 

.3542 .1750 

.4623 .2298 

.5447 .2738 

.7343 .3965 

.8207 .4869 

.8926 .6127 

0 0 

.0925 .0117 

.1718 . 0220 

•3533 .0472 

.4602 .0638 

.5410 .0778 

.7226 .1200 

.8003 .1509 

.8561 .1937 

0.75 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0914 .0902 

.1685 .1642 

.3409 .3233 

.4410 .4121 

.5165 .4780 

.6914 .6337 

.7750 .7166 

.8533 .8067 

0 0 

.0922 .0467 

.1709 .0878 

.3497 .1869 

.4544 .2508 

.5335 .3036 

.7140 .4526 

.7971 .5497 

.8704 .6720 

0 0 

.0922 . 0119 

.1708 . 0227 

.3483 .0506 

.4509 . 0700 

.5271 .0871 

.6923 .1402 

.7593 .1783 

.8058 .2272 

1.00 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0909 .0909 

.1667 .1667 

.3333 <3333 

.4286 . 4286 

.5000 . 5000 

.6667 .6667 

.7500 .7500 

.8333 .8333 1 

0 0 

.0919 .0471 

.1700 .0891 

.3452 .1929 

.4466 .2613 

.5223 . 3184 

.6937 . 4797 

.7736 .5611 

.8481 .7016 

0 0 

.0919 .0120 

.1698 .0231 

.3433 .0523 

.4416 .0731 

.5132 .0917 

.6621 .1503 

.7182 .1919 

.7556 .2439 
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* 

(Mg. 18) 

R* - 0.50 

Cj* - 2.Ö0 Z* - 0.50 

(Mg. 19) 

R* . O.5O 

C,* - 2.00 Z* - 2.00 

(Mg. 20) 

R* - 2.00 

z* • 0.50 c/ - 0.50 

ûtln Iftu^ £t,cl et,c2 €tj,cl €t,c2 €t,cl £t, o2 

0.25 

0 

.10 

.20 

.50 

.75 

1.00 
¿.00 

3.00 
5.00 

0 0 

.0662 .1137 

.1515 .1203 

.2770 - .0596 

.3363 - .2290 

.3731* - .3606 

.1*281 - .5681 

.4375 - .6316 

.4395 - .6407 

0 0 

.0861 .0300 

.1514 .0315 

.2795 - .0448 

.3457 - .1420 

.3932 - .2428 

.4986 - .5645 

.5461 - .7440 

.5812 - .8832 

0 0 

.0921 .1501 

.1709 .2567 

.3519 . 3084 

.4594 .4273 

.5406 .4501 

.7217 .5350 

.8010 . 6230 

.8712 . 7436 

0.50 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0852 .1440 

.i486 .2146 

.2671 .2571 

.3218 . 2364 

.3556 .2110 

.4048 .1573 

.4132 .1461 

.4150 .1437 

0 0 

.0851 .0383 

.1479 . 0596 

.2650 .0713 

• 3211 .0547 

.3591 .0302 

.4363 - .0656 

.4686 - .1241 

.4921 - .1703 

0 0 

.0911 .1660 

.1677 . 2021 

.3408 .4777 

.4428 . 5601 

.5203 .6125 

.6981 .7245 

.7806 .7071 

.8570 .8574 

0.75 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0643 .1540 

.1456 .2461 

.2572 .3627 

.3073 -3915 

.3377 .4015 

.3015 .4058 

.3089 .4053 

.3905 .4051 

0 0 

.0640 .0411 

.1444 . 0689 

.2505 .1100 

.2966 .1203 

. 3249 .1212 

.3739 .1007 

.3911 .0025 

.4030 .0673 

0 0 

.0901 .1606 

.1646 .2905 

.3296 . 5074 

.4262 .6044 

.5000 .6667 

.6745 ' .7074 

.7602 .8416 

.8428 . 0953 

1.00 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0033 -1591 

.1427 .2618 

.2473 .4155 

.2927 .*^91 

.3198 .4968 

.3502 .5300 

.3646 .5349 

.3660 .5359 

0 0 

.0030 .0425 

.1409 * .0736 

.2360 .1293 

.2720 .153I 

.2900 .1668 

.3II5 .1838 

.3136 .1059 

.3139 .106) 

0 0 

.0891 .1700 

.1614 .2940 

.3184 . 5223 

.4096 .6266 

.4797 .6937 

.6509 .6109 

.7390 . 0600 

.8286 .9143 

r 

no 



(Fig. 21) 

R# - 2.00 

Cj* - 0.50 C2* - 2.00 

(rig. 22) 

R* . 2.00 

Cj* - 2.00 C2* - 0.50 

(rig. 23) 

R* . 2.00 

C * - 2.00 C2* - 2.00 

At. ln £t,cl £t,c2 €t,cl €t,c2 £t.cl £t,c2 

0.25 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0920 . 0422 

.1704 .0720 

.3490 .1170 

.4545 .1281 

.5342 .1285 

.7111 .1055 

.7809 .0875 

.8215 .0747 

0 0 

.0647 .3349 

.1476 .3281 

.2574 .1776 

.2986 .1431 

.3194 .1429 

.3414 .1604 

.3436 .1631 

.3438 .1634 

0 0 

.0842 .0987 

.1468 .0865 

.2692 - .1188 

.3302 - .2964 

.3709 - .4368 

.4418 - .7067 

.4594 - .7791 

.4650 - .8014 

0.50 

0 
.10 
.20 
.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0909 .0444 

.1667 .0795 

.3326 .1500 

.4261 .1847 

.4946 .2077 

.6397 .2484 

.6943 .2606 

.7255 .2687 

0 0 

.0821 .4168 

.1415 .5229 

.2456 .5546 

.2857 .5563 

.3064 .5612 

.3286 .5720 

.3307 .5734 

.3310 .5735 

0 0 

.0606 .1268 

.1363 .1709 

.2350 .1543 

.2800 .1056 

.3085 .0621 

.3565 - .0270 

. 3683 - .0505 

.3720 - .0579 

0.75 

0 

.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0898 .0451 

.1629 .0821 

.3162 .1608 

.3978 .2036 

.4550 .2341 

.5682 .2960 

.6077 .3183 

.6295 .3307 

0 0 

.0796 .4441 

.1355 .5878 

.2338 .6802 

.2728 .6940 

.2933 .7007 

.3157 .7092 

.3179 .7101 

.3162 .7102 

0 0 

.0771 .1362 

.1257 .1990 

.2009 .2453 

.2297 .2396 

.2462 . 2284 

.2713 .2002 

.2772 .1924 

.2791 .1099 

1.00 

0 
.10 

.20 

.50 

.75 

1.00 

2.00 

3.00 

5.00 

0 0 

.0687 .0455 

.1591 .0833 

.2996 .IÉ63 

.3695 .2131 

.4155 .2473 

.4968 .3198 

.5212 .3471 

.5335 .3627 

0 0 

.0770 4577 

.1294 . 6202 

.2220 .7431 

.2599 . 7626 

.2802 . 7704 

.3028 ,7778 

.3051 .7785 

.3053 .7i36 

0 0 

.0736 .1409 

.1152 .2131 

.1668 . 290« 

.1794 . 3066 

.1838 .3115 

.1861 .3138 

.1861 .3139 

.1861 .3139 
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^IJA't-i Mechanical I.grg. Ittrery 
i) Prof. »». ::. 

Untverelty of California 
Collegr . ' Krg'l nee ring 
Berkclry u, Cellfornla 

, 1 )Attni Dear ï. 0. Hoe* 
(1) Prof. R. A. Selen,M.E. 

) Prof. H. A. Johnson,M.I. 
1) Prof. A. K. T p* r he 1«,. K . 

tkil vare tty of Californie at 
lo» Angeles 

Anglrae: Ing Depertaiert 
.«» Ange lea . <•, Calirornle 

1 jAitni Dear I .».F.. Boelter 
Prof. ». J. KirW 
Prof. Myron Trir .» 
Mr. H. Buchtarg 

Stanford University 
Stanford, California 

fDAttri Dean J. N. Pettit, 
Seh. of tngr*. 

(?) Ing1nee ring Library 

Syracuse Uhlvarsity 
Syracuse, Ne« York 

(l)Attm Ralph N. Meteor, As at. 
Doan of togrg. 

Tufts Urlvaralty 
Mrehanlcal Ing 1 nee ring >ct 
Mrdford »es. 

, 1 !Attn : Dr. t. N. YVeTether, 
Chalraen 

Vi rg« 
Black 

(Uâtw: 

la Polytec * rJe In»t. 
■t .rgf Virginia 
Caro. N. Re »hl»- l.: b. 

rarslty c 
Collage of I 
Seattle •>, Mefingtor. 

(l)Attnt Dean H. B. »saaan 

Urlvaralty of Wlaconaln 
Dept, of Mechanical Ingrf. 
Mhdlaon, Mlaroneln 

(l)Attm Prof. Idwerl Obart 

AeroJet-danara 1 Coi y. 
Liquid Ingina Division 
Azusa, California 

(l)Attnt Mr. C. C. Ross 

Aer ■ Jet-lenerel Ni -’.-onîc* 
Pretoria May 

Manon, California 

I 

11 )Attr! Lltrar. 
(1) Dr. D. L. Cochran 
(1) Mr. A. V. t• T 

The AT Preneatcr Corp. 
Melle -lile. Ne» Yor« 

(l)Attnt «ï. HUner Rarlaeon, 
Technical »nager 

AlResr-rch Nfg. Coag»»ny 
Servi vaus Blvú. 

í-oi Armel»« *• , Cal 1 fer. 1 « I.’lAttni Mr. S. A. Änderest 
l) Dr. J. I. Coppage 
11 Mr. A. I . J ihnaoi , Jr, 
l) Dr. John Mason 

A! Re <ea. -h Nenufac t ur 1 i«r "o . 
Ru.' South V.* h Street 
Pt .»en t a , Afl*. t a 

l I At tri Mr . S. h. .rpa• , r . 
(l ) I;-ner Mhaalar, 

Dept. 95-5.- 

'•aa Institut» of Te - ► r.o 1 œ .. 
D»r‘ . of Me 'a-îcal ■ v r# . 
•T.lvvrelty Cîrc.a 
'leva ler.l > , > Ii 

. I a t ’ ri i Prof. :. R. H. »ï ravi 
*». r.th'.: • 'nlver.- ' ' ' A—er '. .•> 
. • Me -’ » Knglhearing 

».•■*' '■*•■ •. r*. c. 
1 A' ' - Mr. g. 

- ' 
Rsm Pi»c 1111> 

P.( .h « . Slat: ■ J. 
. Ne» Y rfc 

»■ A1 

Coriel 1 Uni verel ty 
'ollege of Rrgl'earlng 

• »pt, of Heat Power Pngrg. 
It’ac», hvw York 

l 1 I At tr i Prof. rMvld Drope In 

Aleo Produit», Inc. 
IXinkl r « , Ne» York 

(l)Attni Mr. S. Aopp 

Allle-Cha.wer» Mfg. Co. 
»iwrii' *•», i Inary hl '. 

Milwaukee 1, »lerntet' 
(1 lAtli i Mr. R. C. Allen, f 

of »ch. Ihgrg. 
A«w " '. -S* a 1er ! 
»!•«' ".I T- ' ' .»> ¡et ■ 
•i . V> : e» > R a 

» .• • a 1 n View, Cellf. 
àttni ■» r. I 

Awerleat>--.t ändert! Corp. 
Industriel Dlvlelon 
Rlll Tîie-h»' »V#T'U» 
Iwtrolt V, MlcMger 

(l)Attni Mr. T. 

tri verel t y of Nouetnr 
»rhenlcel Kngtnevrirg Cop» . 
Hou» ' o-, Te «a 
Attn P r.n. J.VtUleM« 

Illlnota Ire• . of T».hnolog> 
Iwpt . of »r* *rleel (ngrg. 
TNch -i . .«i Center 
Chicago Tb. 11 llhola 

1 )A' ' ' »at Transfer Lat 

•JM varal ty of tUtnola 
«» ' . I » eerl* r»r‘ . 
•rt . - a, Il i I no! • 

A * " i Prof . S. 1 . Sr 

let 1 $h •' . .»ratty 
•l * r ' "W ' Of » ' , Ingr*. 
»"¡anee, Penney 1 va': a 

..Alt' Pr..f . Pr«r. Aral 11 

Me... ..e-'s :■•». of T» • . 
Ca»l r : i*e ’*v, »«a. 

. 1 JAttni Pr.if . Joseph key*, 
» • . =h*ni. 

t PTC■ . -tercia 3. »lebley 
Ingrg. 

) Prof. IMward I. T» y .»r 
lee Tur* 1 r- ;at 

Pr«f . »! : Hew R. Mr a lews 
-hoa. Irgr*. 

(1) f r aer-a- » » 
» • Mm-g 

• ■* -Pet’er- 
D-Í 

a s •» Wae.- 
,a a.»? Pteia 
*»*«•'. Tiff. 
»• •• * eery 

Oh Is 

IMvle.tftUv.' 

Ira and 
• tie* 

• * 

•: ►Iga- 
■#r! a 5; 

V leers 11 y of 

At t f f ' » ".r. 
fro'. V vierta 

'f! « Dept. 
ty of »" 

» • «.a .. 
■’ • • • . • « 

i »... . . . a , i,«,, 

► •• ■ • r a 11 / of »• » • 
*r ' » ‘ »a *• a 

A -J a -1 — . Mew »1 
• »'•-• Prtaf . V. *. »oa -• 

»• Toe« » 1 rare 1 « | 
eaa >*f »glRaerl-a 

.-apt. o' » -a- : » a. t-u • 
... »lg-* 

Mew Y - • *. Mew T«c. 
4’if of Mr*4 ^»d'* 

P. •• * #-. ‘7 
W . • 
af • , 

T»cf H<»l D»V* lop«»r 

Asar lea n-St ende rd Corp. 
Ird .atrial t'lvlalon 
P.0. Bos ?o81 
huffslo ' , New Tore 

(l)Attn M: . J. A . Jos t.Dlf.»*- 
Mr.I.R.Pr !-!*•• ,»r. 

»a. tngtneerlng 

Arg • ■■» »t : '-a lat a 
,- » South Ca»» A.a. 
At.' n». T ' •* 

, : A " T* • • .  .. 
(l ) Dr . B. I. Rf : ' r»», 

Mr.Rea • - r Rigr» . 
I 

is» V-.. : 
Mr. ». Pair' . 

Buffalo 1*, New York 
*" - IBNBM 

Aro, Inc . 
TV-hV al 1'fnrewt Ion Bra.- 
Tullat ^a, TNrneaaew 
At t - - Mr . ,.1, Re ode 1 1 

»seer r 
. 

: tr ■ »... 

1911 Plrt 
»• - ia» 
Att- - Mr . ». »» - . 

Dr »yr« s. Jera 

* Mwweerr' ;at 
Re.ere ». • I..,», 

(.•reit *9, %l( 
1 Attn fWhei,#! : ttrery 

. -« » MrwMmt *• 
* ••• • t . ' » 11 f . 
At » P>1 .. pa 

ar 9» et elw* 

Brown Pinto» '0. 
500 »ran Bt. 
■Syria, Ohio 

( 1 ) At tr i ».John N.lTo«r..Jr. 

California »»arch Corp. 
RlcPsaond, Calif. 

(l)Attni Dr. J. N.»cpnar a.-r 

Carrier Corporation 
500 South Daddsa St. 
Syracuse 1, N. Y. 

. (l)Attm Engineering LIP. 

Caterpillar Tractor Co. 
Peoria 8, Illinois 

(l)Attni Nr.M.S.Berhai-d.P vs 
(1) Mrs.N.N.Unduyt, 

»». Library 
(1) ». Lloyd I. Johne01 

Chrysler Corporation 
Autoautlve nanoarch, 
Dept. 961 
l.'tWt Jraenflaid Ava. 
Detroit ?7, Michigan 

(l)Attm ».A.Chorlsat, 
»a. Ingtnaar 

Cooper ha ••ewer Corp. 
Ml. Vernor, Ohio 

(1 )Attnt ».R. L. Boyer, 
Vice Pres. 

Cornell Aeronautical lot. 
4AV, Je ne see St. 
Buffalo ?1, »• York 

11 ) At tm Ein* T. Ivans, Lit rar ton 
()¡Detroit Idlaon Co. 

Nuclear Power Dlvlelne 
Detroit, Michigan 

; » vorp’oretlo* 
•vs »eat ¡ORf- Street 

! -a A:«elv> -• , .'all: ” • la 
(l)Attri A ' e r t H. Seed, Pi ,'ec t 

»reger, Appllest 1 .->ne 

Drayor-Menson, Inc. 
Bt.« . '1' IV rail nal Annes 
loa Angele» NA, Cellf. 

(1 JAttni Mr. Jordon ».Jeckeon, 
Vice Pres ! '» : 

Itt*¡-McCullough, Inc. 
-9P San »tec Ave. 
Ser Brune, Calif. 

(? )#* t n t Mr. J. S. »Cul lough, 
Rgr. Re»»arch 

lier trie Boat Coopai y 
Oroton, Connecticut 

(l)Attni Mr.K...Dennison 

Ill lott CoMP*nP 
Jeannette, Pennaylvanln 

(l)Attni Dr. J.Rudger Miel Je, 
rwv.Rngrg.IOpt . 

Petrohlld A>g1ne ent 
A! rj ' »»» Cnrp■ r»' 1 • 

R»'r • ' A » ' r ' • 1• C v . 
»vc la- ' . 1- ng J « 1 « - i . N. Y. 

(1 )At* r i I . . 
Eftglneer.Arr 
wer herir» Dlv. 

P» 1 roM11 Ingina am 
Airplane Corp. 

Rtratoe División 
»y Shore, lo'ig lelard.R. 

(l)âtl- ! »r .'.'.I .«» Itfwy.Jr. 
Raa. Ingl'w»'' 

Perrot her« C.«kp *r» 
1 Hf. 1 A. h‘,th Rt reel 
Cievelan,] t, e.lo 

( ? ) At tn I ». Sven Hole 

TNw Fluor Coro. ltd. 
Reaearrl end Dev. 
P.C.»« • 1 
»M 11 1er , .'ellf. 

( 1 ! At tn i Mr. .1 .hl .»•, 
Mgr. »aaerr* 

Pord »tor C wg.e n y 
Dae* »"-•*, ' ‘g» 

1 !Att. Mr . I aul »lot' »• . 
Re». We. 

(1) Ur.D.N.Prey, 
Scientlflr lat 

(1) »e.Ra<h»l », ;•. el I, 
•»g. 'teff Litt» 

1) Mra.l .B.Phillips , 
Nu*Wf Irtende, , 
Tv- h . Info. Ne< . 
V lent 1f I# lat 

Poa• ef W'aa.ar fory 
If tv atwa, 
New fork • , New Vor» 
A“' »• Joh»* P>¡»»' '• ; " 

Ra. . and «cS ' ■ »•, 1 *e 

-w hr. » ' - . - 
! at, ra- , ' ' ■»•• 

Davaiopaon* 
r • »«•.pM e *. P* 
S' . Mr .P : .*- 

Jenerel &» ••*'» Carp. 
a* . 

p.r m . ‘ 
Rw- •'.» • ' 
A“' 

rust«4 tee 

N. t lei 
H -« ce f • N»- 
P» . • 1 w- 

(I 



mtn) «acMilCAi «ram sxmzMrrioa un. commet mm 

Omrmrml Klvetrlc Cot^êr/ 
¡»•lar Jactlor, Irart. %fl. 
Rltriland, MaMrigtor 

(l)âttni *■. Uarormr L. Uca* 

«•''•rai 
—Jll âlreraft traîne Dtft. 
1000 Wratvrr Av«-ua 
INiat Lynn j, Nati. 

(l)âttni R.â.Maraon.Narln« 
XMuatrlal Narkat 
Davalopawnt 

(l)Oanaral Natala Corp. 
Irtarprlaa Dlvlalor 
IBth and Florida 3t», 
Sar Franc 1aco. California 

lanara 1 Honora Corp. 
Al 11 sor 01V1 al or 
Indlanapolla Í, Indiana 

;i)Attnt Rr. R. N. Hatan, 
01r. of Kncr«. 

3anaral Motora Corp, 
Raaaarch Lafcoratorlaa 
1? Ml la and ttound Roadf 
Marran, MlcMcan 

(?)Attni Mr.M.A.Turunar, laa 
Turtl na Oapt. 

(1) Dr. V. C. Seit* 

lanara 1 Motora Corp. 
Harr taon ftallator Dlv. 
Lockport, Maa York 

(i)Attnt Mr. Jonn «. ioJfray 

lanara 1 »u. laar Inalnaarln* 
Corporation 

IXina 11r, Florida 
(l)Attm Ljrarly, St'sff 

(1) Librarian 

¿8*) Mallaon i._—„ 

' »ao'aa Root. 
Chiar Rua t'aat 

Oulf 011 Corp. 
Oulf Butldtn« 
Flttaburgh YO, Pannaylaanla 

(i)Attni Mr. Charlaa F. 

Tha Maat-Ï-Chanaar Co., Inc. 
Wraaata.-, Na. York 

(l)Attni Mr. M, J. Oortovar, 
Vlca Fraatdant 

Muaha» Aircraft Cowan/ 
Floranca and TWala Sta. 
Col.ar City, California 

(l)Attni («na H. Johnaon, Dir. 
IVehnical Lltrar/ 

Inaaraoll -Rar«1 
II Rroadva/ 
Ma. York. Na. 

(l)Attm Mr. M. - 
York 
. I«» 1 »on 

Intar>\at tonal Marvaa'ar Co. 
tnainaarlng Raaaarch ."«pt. 

3. Maatarn Riad. 
Chira«. V. llltnola 

í 1 »Attni IN-. Sinon R. Char 

I-T-f Circuit Rraaaar Co. 
ÍOl I. Krla Avanua 
Fhlladalphla YA, Fa 

(l)Attr: atr. A.Mon T. Vott 

U 

Jack ani Halnta, inc. 
Rnclnaarlna Dapt., Fiant * 
Clava land T, Ohio 

) A11 r. i Mr a . Marrlat R. Trikllla, 
Librarian 

*. *. Rallotut Co«pa- , 
’ll I>il r i Avar ^ 
Na. York 17, Na. York 

lAttni Mr. F. a. Patai»<v 
%• . 0. F. la.-na*’! rao-ar 

' Mr. Ronald B. N«llh, 
vif# Fraudant 

TVa Rralaal Ca.( Inc. 
ÍÍ9 «lilla» Avanua 
•ta kanaack, N», .larka/ 

(I ) At • * Mr. F. Rralka: ’r. 

toekhaad Aircraft Co. 
TW.••Irai tItrtr/ 
*tr»k- allfrr |a 

(l)Afr R. L. «tek. la. , 
tn«r«. Mo. T.'.‘ 

loc k 'oal AI r ■ raft M 
Miaula i.:.t • 
Aarod/vutat * * •C ' . 
v,o-jva1#. California 

(DAtt- . Itawi 

L »«■!.« CoW»'T 
, Mat' •• Ar. .# 
*•••-• •*» '»r »• 
A- • ■ A* ' •, J' , 

F- - a, • R a • -r»r 

»Cv.; î«r- Mr- rt -or, 
AlCl «..• a- • ; R. r 1 . 
:ra i-a. •» » . .-.If 
»•• al. JB»■ ■ 

»•« . »Ircraft 

T « M» r J .a r V 'ry . 
t r , • .'ï » ••• - la a 

JM-" Ae • 1 • ' tr»! 
• - «*/•. *• ■' 

, at t a t Notant T. ;a-^.t 

Rlcro.Froclalor Xrc. 
Inalnaorina OvMrtMoM 
.-.-0- Ua Stroat 
I.k-kto-, Il 1 ! nol • 

(l)Attrr Coula d. Roplon 

Hin* Safatv Appl'.ancoa Co. 
Callar/ Fiant 
Callar/, fanna/lvaria 

(l)âttri Dr. C. t. Jackaor 

Modln# Hanufaataring Co. 
1)00 a*Kovar Avanua 
Bacina, Mtœonalr 

(l)âttni Mr.C.T.Poralna.Fraa. 

Morgantoar Baaaeiîh Cantar 
Buraau of Mí na» 
Morcar town, Mr at Vir« 1-'a 

(l)âttni W-.J.P.HrOoa 

North Aaarlcan Avlat lor, Itk . 
Xrtarnotlonal Airport 
lk>a Angola» A), Calif. 

(l)Attni ». N. A. Sulkln 

Farfaa Corporation 
)00 Moat Ohlanoaw Avarua 
Mll.auaaa 7, Mlacoraln 

(l)Attni «. «. Schuld 

Sandaraor and Portar 
7? Wall Straat 
Nr. York -, Na. York 

(l)âttm Mr.S.T.Rotlnaor 

Shall Davaiopaant Coapany 
tear/vl11a, California 

(l)âttnt Dr. C. B. Oarbatt 

A. 0. SMlth Corp. 
North ?7»h Straat 

Ml l.aukaa 1, WUconstr 
(l)Attni Mr. M. B. Zlarlng 

Solar Aircraft foapan/ 
Sao Plago 1?, Callrornla 

( ?} At t r i !%•. F. A. Fl 11, Chlaf 

(1) Mr^i^.Prury.FroJact 
Kngl naar, Dapt. ¡2! 

Slalkar Pavaiopaart Co. 
90 * Noodalda Avanua 
K»»aavIlia, Mlchigor 

(l)Atf : Mr. R.A.StaTkar 

St»-ford Raaaarch Inatltuta 
•ar hark, Callforrla 

. *t t r i CT. Ma V in F . Hîattar 
* * - S. M, Clark 

. a. A. Caalar !!î 

Staaart-«arnor Corp. 
IM* Drovar Straat 
Indlanapolla T, In-tlaoa 

I / )»t tniMr .R. : .Banda .. , 
Mgr . Raaaarch 

Sul »ar Broa. Ltd 
SO Churah Straat 
Na. York . Ma. York 

(l)Attni Mr. Richard Marold 

(l)Svardrup and Parca 1. Inc. 
Syndic.la rr.M RM«. 
3t. i.'ul a 1, Mlaaourl 

Sylvan la Ilaetrl. Frol uct a, Inc . 
Klac*ror1. .afana# lat 
F.0. Boa A» 
MojTt»;- via*, California 

(ÜAttr- Library 

TWia» la»tarr Trara«laalo- 
Cor*. 

im. 
Shravaporl, t<*ul»lk'a 

( 1 ) At * n i Mr. C. «. »rvln 

Tha Trana Cc*r»ry 
. and Ckwror »v»- <a» 
¡a Croaaa, «laoonaln 

, . I At th I Mr. H. -. t.'ok. 
flj ». I. T. «ataal 

(# ) Un i on -art Ha «»cla#r Co. 
■ k Aliga Yoaaouk Wffuato- 
I ‘ ’ 

FI»- • N». ria P»par:»- • 
F. . Bo■ F 
«■ Rliga, TW-no»».» 

■Jr 1*04 Aircraft ' vrp . 
•O» » ! ■ t * n«a t 
Rat* '>* -.ford <*, Co • 
i* - r i ». Rr fart C . Bala, 

*' 1 af Utrarl»- 
». Mad C. Blca, Jr. 

*aaakr f n Papt . 

. 1 »’• 

V. Iva tnv. 
> . « *» -va- S* raa 

r. » • . » 
a.«.» 
: I. a- r • • 

.» «*• 

F. 0. 
M a. 

I ».•-. 

rru 

» « > . • 
• :af »*!-<•» 

-.;a 1 . »• • »a-y 
Bal- «rra *. » - - • — 

P»..- » T. a 
Fr »a v : 1« Í -u • 

Maat 1 ngnoaoa tloatrl* Corp. 
Laatar Branah F. 0. 
FMladalpnta 1*. Fa. 

(l)âttni ».F.R.Flacnar.%r. 
Dav. fttgrg. 

Maatinghouoa Hoctr'- Corp. 
Apparatua Oopartoant 
F. 0. Boa DM 
Fittaturgh, Bant.aylvania 

(1 'Attni ». Atnar Sacaa 

Waatlngnouaa Rlactrie Corp. 
kiomle tomar Plvtalon 
F. 0. Boa l*Bi 
Plttaturgh X, Pa. 

(l)Attrt TWchnl.-al Library 

Maat 1 -gnouao Hoc trie Corp. 
Roaoorch La tora* or y 
laat Flttaturgt, Fa. 

(1 ) Attn i Dr. Stavart My 

wolvorlna Tuba Dlv 1»Ion 
1*11 Cant ral Avanua 
Datrolt 9, Michigan 

(l)Attni ».J.3.Rodgar». 
Tac hr leal Mgr . 

■orthlrgton Corp. 
Harr 1 «on Dlvlelon 
Narrlaon, Ra. Jar«ay 

(l)Attm ». NorM-. L. 
Myoraon.Dlr. of 
Raaaarct 

(1) ». David Aroraor 

Young Radiator Cotapany 
709 S. Merquatta St. 
Bacina wtaconaln 

(l)Attni ». B.F.Brlnar, 
Raa. Bnglnoar 

Yuta Conaolldatad Induatrlaa, 
1 Buah Straat 
Sa- Franc laco, California 

(I ) At t r i R.A.Tardmr. VI .-a Frr • . 
Bng I naar Ing 

(1)». Nactor H. Alkan 
90* Millo« Road 
Manió Park, Calif. 

(1)Dr. m. Bol lay 
Mof* Ranch 
Santa Barbara, Calif. 

(1)». F. A. Brook» 
tWpt. of Agr. Rngrg. 
•intv. of Calif. Agr. 
bparlMnt Station 

Da*la, California 

(l)Prof. Altarte Colntr-i 
f ■ . . N# • » . 1' 9-il«L • 
A* . Faktam *0* 
Rio da Janalro, «ASI'. 

(1)». I. J. U Bavra 
(«part«art of Machanlcal 
■nglnaarlng 

ftuaan »ry Collaga 
London I. 1, IMUNT 

(1 )0r. J. J. »Nl.i1 Ian 
111* Clinton Stroot 
MoboMn, »« Ja. aay 

(1)». Frank L. Makar 
DR Moraga »tghMy 
Or Inda 1, California 

(1 )Dr. Carl A. Moora, Jr. 
YSOT Surrywood Drive 
Fi 1lartor 1, Callfcrri« 

(1)». *. J. c*arg 
Ml rtnaapo lia- Money«# 11 
Regulator Conpany 

Raaoareh Cantar 
)00 Mahlngtor Ava., So. 
Mopklna, Mlnnaaota 

(l)R.C.Farpall 
s*)» Whltafo* Driva 
Fa loa VarMa» «»tata* 
California 

(1 )Mayor «altar R. Rurtn 
Aaat. Frof. - Ar-ana't 
Dapt. of Ordnanea 
U.S.Nllltkry Acadany 
Maat Point, »• York 

(l)». L.F.Saundera 
F. 0. Roa “L" 
Car»l, Calif. 

(1)».David B.Schoanfald 
Narloal Road 
Ra« Canaan, Conn. 

(1)». Id «and flaona 
J)) TMraval St. 
Sar Franc laco lb,Calif. 

(1)». Richard L. Stone 
Milita« Ma I lac a Co. 
Re 1«ont, Calif. 

(1)». Starlr, w 
11?“ Ma• I • 
Loa Ang»:»» t 

( 1 ) Dr. J. 0. Moo.: 
Cha 1 r«er 

Food Froc a 
Oeorgla U| . 
l»l-atl*a- ■ 

(1 JMi . M. N. Coat ola 
.'9 Brertnood Drlv* 
Blooaifiald, Connecticut 

(1)». Faul Da«aon 
8VO Ra»t Oaltrlath 
Cincinnati Ohio 

(1)». A. J. Ida 

Meat Dlvlelon 
Nach. Kr«. Raaaarch Lot 
D.S.I.R., Ra«* RUtrlda 
near dlaago*, SCOTTgNT 
swr tti 
Office of the Aaat. Naval 
Attache for *e»e«rch 

Naval Attacha, Aaarlcan 
Ratakay 

Navy Nr. IOC, Pleat F. 0. 
Na« York, »• York 

(1)». C. N. Finar 
Chief Marine trgi -»r 
Coda ?yk 
Sar Franc laco »val 
Shipyard 

San Franclao ?*>, Calif. 

(: iDr. R. I.ft k. F » 
:art. f » h. Brgra• 
Furd .» tr| var»1. ty 
La'eyatta. Indiana 

( 1 )» . Ralph «. » I r 11 
F Br» '■*' 
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