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A useful method is reported for calculating temperatures and rates of flow in the 
unsteady-state operation of natural-circulation loops in single phase. A one-dimensional 
mathematical model is used with the assumptions that (1) at any instant the 
volumetric rate of flow is constant around the loop and (2) steady-state friction 
factors can be applied in transient operations. The loop, consisting of a heat source, 
heat sink, hot leg, cold leg, and connecting piping, is divided into a number of 
finite increments. The transient behavior is calculated by the iterative application 
of the finite-difference momentum and energy balances. Numerical computations 
made for several cases of transient operations were carried out with the aid of the 
Standard Eastern Automatic Computer (SEAC). 

Comparisons of predicted with actual performances were checked by use of two 
experimental loops employing water and found satisfactory. 

A number of practical problems 
arising in boiler and nuclear-re- 
actor-coolant designs have demon- 
strated the desirability of estab- 
lishing a method for the predictioii 
of temperatures and rates of flow 
in the transient operation of 
natural-circulation loops. To the 
authors’ knowledge, this paper pre- 
sents the first published compari- 
sons of calculated and experimental 
transient behavior of a natural- 
circulation loop involving liquid 
water as the circulating fluid. The 
principal objective of this study 
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was to determine the reliability of 
the calculations based upon numeri- 
cal solutions of finite-difference 
energy and flow equations. Solu- 
tions were obtained through the 
use of the Standard Eastern Auto- 
matic Computer (SEAC). 

Figures 1 and 2 illustrate the 
natural-circulation loops, and Table 
1 lists the conditions for the tran- 
sient operation of the loops for  
several problems computed. Details 
of the loops and the conditions of 
operation are given in later sec- 
tions, along with an illustration of 
the complete system of equations 
used for  one problem. The com- 
plexities of the physical problems 

were appreciated at  the outset, and 
thus i t  was desirable to start with 
a simplified mathematical model 
and to introduce only needed refine- 
ments. For the numerical transient 
evaluations, i t  was necessary to 
calculate and experimentally to 
verify the loop parameters for 
steady-state flow. The refinement 
of the loop parameters on the 
transient calculations is presented, 
for example, as revisions of com- 
puter problem 3. ( S e e  Table 2.) 

PREVIOUS INVESTIGATIONS 
Of the extensive literature on traa- 

sient flow, it is of interest t o  note 
that Jenny(g), among others, pre- 
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sented the derivation of the equation 
of motion for the unsteady turbulent 
flow of fluid in a horizontal tube. 
Accelerated flow may occur in a 
steady, nonuniform flow, such as at 
the entrance to a tube, from a reser- 
voir wherein the boundary layer 
grows along the tube. Among those 
who have studied this problem is 
Langhaar ( 1 1 ) .  Grace (6 )  considered 
the oscillatory motion of a fluid in a 
pipe, and Valensi (21 ) was concerned 
with the oscillatory viscous flow in 
a U tube. Schonfeld(ZO), considering 
isothermal transient viscous flow in 
pipes for the case where a finite pres- 
sure differential is applied t o  a fluid 
initially at rest, found that the flow 
of fluid approached steady-state con- 
ditions asymptotically. He also studied 
forced oscillation in round tubes and 
natural oscillation in U tubes. The 
mixing-length theory of Prandtl and 
Von Karmen was used to study fully 
developed turbulent flow in round 
tubes and wide-open canals. Daily and 
Deemer ( 8 )  reported that steady-state 
friction factors were applicable to  
the transient flow of fluid and found 
that the total pressure drop across 
a given section could be calculated 
from the sum of the instantaneous 
frictional pressure drop and accelern- 
tion head. DeJuhasz(5) presented a 
graphical method for determining the 
response of a system to unbalances. 
Velocity and pressure may be de- 
termined as  functions of time and 
position for isothermal systems sub- 
jected t o  known disturbances. Binnie 

TABLE l.-FLOW CONDITIONS FOR COMPUTER PROBLEMS 

Initial temp., O F .  

Uniform around loop 
80.5 

Uniform around loop 
122.0 

144.0 in riser 
77.5 in downcomer 

Uniform around loop 
109.0 

Nature of step change Coolant temp., O F .  Comments 

Abrupt heat input 40 First loop 
4 heaters, 25.08 kw. 

Abrupt heat input 37.5 First loop 
4 heaters, 24.75 kw. 

Bottom heater, 6.30 kw. 36.5 First loop 
Abrupt heat input 
3 heaters, 18.58 kw. 

Abrupt heat input 40 Second loop 
Top three heaters, 
19.17 kw. 

'Not reported i n  this paper. 
Revisions to computor problems pertain t o  changes in loop parameters and  numher of subdivisions. (See Tbble 2.) 
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(2) treated a somewhat similar 
problem but obtained an analytical 
solution. He was able to calculate the 
pressure surges which occur in long 
pipe lines because of the closure of 
a valve. Allowance was made for the 
effect of friction, which was assumed 
proportional to velocity. For cases 
where the friction was not directly 
proportional to  velocity, the method 
gives an approximate value. Hall (7)  
considered pulsating flows and their 
effect on orifice and flow coefficients. 
The calculated accelerations of fluids 
in an  isothermal U loop were experi- 
mentally verified by Leppert(l4). 

EXPERIMENTAL LOOPS 
Two experimental loops were de- 

signed, erected, and instrumented. A 
schematic drawing of the first con- 
vection loop is given in Figure 1. 
To obtain faster accelerations, the 
top horizontal section of the first 
loop was replaced by a much shorter, 
larger-diameter section as illustrated 
in Figure 2, and this arrangement 
with its new method of measuring 
flow constituted the second circula- 
tion loop. The flowmeter for the first 
experimental loop was a differential 
pressure transmitter and recorder 
which measured the pressure drop 
across the horizontal pressure-drop 
test section. Though this method of 
evaluating the transient flow from 
the pressure-drop readings was cum- 
bersome, i t  was found t o  be satis- 
factory for the relatively slow tran- 
sient in the first circulation loop. An 
electromagnetic flowmeter was used 
t o  measure the instantaneous volu- 
metric rate of flow in the second loop. 

The heater consisted of four 7.5-kw. 
Chromalox immersion heaters ar- 
ranged in a V shape as noted in 
Figure 1. Bare platinum-platinum- 
rhodium thermocouples (24 gauge) 
were directly exposed to the fluid to 
obtain maximum response. The fluid 
temperatures TI to  T, were deter- 
mined a t  locations noted in Figure 1 
and were recorded on a Leeds and 
Northrup Speedomax recorder. Con- 
centric tube heat exchangers were 
used to  cool the flow. The general 
arrangements for the two loops are 
shown in Figures 1 and 2. 

The vertical riser and downcomer 
sections were made of 1-in. O.D. 
hard-brass tubing (0.872 in. avg. 
I.D.), giving the loop an  over-all 
height of about 24 ft. As shown ic 
Figure 1, the system of valving in 
the bottom horizontal return section 
permitted runs also to be made with 
forced circulation by use of the pump 
and rotameters. Compressed air was 
introduced to a small surge tank (4- 
in.-diam. brass pipe, 11% in. long) to 
regulate the pressures over a range 
.of about 40 to  80 lb./sq.in. A mini- 
mum liquid level was maintained in 
the surge tank to reduce pressure 
fluctuations during the transient 
operations. 

Steady-state-flow runs were made 
to determine the physical parameters 
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TABLE  LOOP PARAMETERS FOR SECOND EXPERIMENTAL LOOP 

Heat Transfer Coefficients 
Over-all coefficients for 
heat exchanger (cooler) 
3/4-in. tubing 
1-in. tubing 
Heater section 

U-16.1 V 
h3,,=56.7V 
hi=31.7V 
h, = 16.0V 

Loop Resistances 
Turbulent flow Ri=332,000V'.64 
Viscous flow RE =2,5OOP V 

Do = 1.000 in., D, =0.872 in., 
6=0.00573 ft., p,c,=53.0 R.t.u./(cu. ft.) ( O F . )  for 1-in. tubing 

Dimensions and Other Values 

N Xn 

11-1 A, 
111 = - /: = (pig) 2: -- = 16,990 p/g=32,200 Ib. sec. a/ft.6 

1-in. tubing 

3/4-in. tubing 

1-in. pipe 

Heater 

0~=60.9 B.t.u./(cu. ft.) ( O F . )  

L 

A 
- = 14,530 ft.-' 

L 
-= 1,880 
A 
L 

A 
-= 280 

-= 290 
A 

Average density used 

TABLE 4.-FINITE DIFFERENCE EQUATIONS FOR COMPUTER PROBLEM 4 

Subdivision 
Hot leg 1-15 

Cooler 16-24 

Cold leg 25-44 

Heater 45-48 

Flow equations 

Conditions of 
restraint 

Operating 
conditions 
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of the experimental loops. These para- 
meters include the friction factors, 
over-all heat transfer coefficients f o r  
the coolers, fluid film heat transfer 
coefficients, total loop resistance, and 
heater lag. It was possible to demon- 
strate that  simplified relations could 
be used for some of the parameters; 
for example, the correlations used 
for the over-all heat transfer coeffi- 
cient in the cooler, the film heat 
transfer coefficient in the vertical 
riser, and the loop resistance are 
given in Table 2. These correlations 
are discussed in reference 1 ,  includ- 
ing the manner in which the number 
of subdivisions in the cooler affects 
the over-all heat transfer coefficient. 

All the transient runs reported in 
this paper involve a sudden increase 
in the heat input t o  the loop. It was 
recognized that a step change in 
heater switch settings would not in- 
troduce instantaneously the corre- 
sponding power change to the fluid. 
Consequently, it was deemed desir- 
able to introduce into the finite-dif- 
ference-method calculations heater- 
lag equations of various degrees of 
complexity. The initial calculations 
made fo r  all runs on the first circu- 
lation loop involved no corrections 
fo r  the heater lag, and, as  illustrated 
in Table 2, heater-lag provisions, 
along with other refinements in loop 
parameters, were then introduced in- 
to  the succeeding revisions. The de- 
termination of the heater-lag time 
was approached from both a theoreti- 
cal and an  experimental point of view, 
and the details are given in reference 
1. It is to be noted tha t  all refine- 
ments introduced for the heater lag 
were made independently of the tran- 
sient operation of the natural-circu- 
lation loops and were based only on 
the performance of steady-state-flow 
runs. 

TRANSIENT ANALYSIS 
The  transient analysis is re- 

stricted t o  the  one-dimensional, 
nonsbeady, rectilinear flow of real  
fluids. The  assumption of one-di- 
mensional flow is strictly applicable 
to cases where the velocity of the 
fluid is uniform over the  entire 
cross section of flow. The  analysis 
is therefore valid only fo r  an ideal 
case, but in practice an average 
velocity may b e  used f o r  a variety 
of velocity profiles and the  problem 
considered ideal. It i s  assumed tha t  
t he  fluid is  continuous, no sources 
o r  sinks therefore existing, and 
tha t  no heat is generated or lost 
within the body, for instance by 
chemical reaction. The effects due 
to  the  conduction of hea t  along the 
longitudinal axis a r e  assumed t o  
be negligible. 

The  continuity equation may be 
writ ten as 
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In a system consisting of the 
volume element of fluid shown in 
Figure 3, where i t  is assumed that 
there is no shaft work, the heat 
input, Q, is defined 'as net heat 
added t o  the system per foot per 
second, and the symbol 6 represents 
the total energy per pound of fluid, 
E + (u2/2crg,) + (g lg,)  x .  The energy 
balance is 

Introduction of the continuity 
equation leads to 

which may be written as 

An alternate form is 

The equation for motion for flow 
in a uniform pipe is 

The pipe friction, F ,  has not yet 
been given an explicit definition. 
The general equation of motion 
must, however, reduce to the sim- 
ple mechanical energy balance for 
steady-state conditions. It is there- 
fore assumed that 

The resultant equation of motion is 

It is not necessarily true that fr 
will correspond to the Moody fric- 
tion factor, as the form of the fric- 

tional losses has been only assumed 
and may itself be in error. Recent 
experiments (C), however, have 
shown the validity of Equation (8) 
at  least for  isothermal flow. These 
results indicate that f~ corresponds 
t o  the Moody friction factor of 
steady state when transient veloci- 
ties from 15 to 75 ft./sec. and 
accelerations from 0 to 35 ft./sec.2 
are used. It was reported that the 
total observed pressure drops could 
be calculated from steady-state 
velocity losses and acceleration 
heads except during periods of 
initial impulse. 

The method of approach in ap- 
plying the unsteady-state partial- 
differential equations to loop sys- 
tems is to reduce the equations of 
motion and the energy balance to 
simplified finite-difference equa- 
tions. Coasting, or isothermal tran- 
sients, has been considered in 
reference 1, and in this section the 
nonisothermal transient behavior 
is considered. 

The equation of motion, Equa- 
tion (8), is applied to the sche- 
matic loop shown in Figure 4. For 
this application, F represents the 
frictional losses which are given 
by the ordinary steady-state corre- 
lations. For the transient case, the 
thermal loads of the two heat ex- 
changers generally will not be 
equal and will fluctuate with time. 
The nonisothermal operation of the 
convective loop for an all-liquid 
system would require the addition 
of a surge tank as shown in dotted 

T' 
Fig. 4. Natural-circulation loop 

(Schematic). 

lines in Figure 4. It ,is assumed 
that the presence of the surge tank 
will not affect the loop flow except 
to minimize the pressure fluctua- 
tions. The additional assumption 
made is that the volumetric rate of 
flow is uniform around the loop at  
any instant (independent of po- 
sition). 'An estimate of the dif- 
ferences in volumetric flow rates 
in the hot and cold legs is given 
in reference I ,  and an alternate 
method based upon the use of an 
instantaneous constant weight rate 
of flow also is noted. 

With the assumption that W l  
a x = O  and aVl& is independent 
of x, the equation of motion can be 
simplified to 

- f p d z -  f p P d x  

P dx f--  gc A 

- 0 0 -  
(9) 

Equation (9) may be symbolized 
as follows: 

This equation expresses the vol- 
umetric acceleration in terms of 
the net driving force, which is the 
difference between the loop hydrau- 
lic head and total loop resistance 
and the loop geometry. The total 
loop resistance to flow, Rz, is identi- 
cal with the steady-state values for 
similar temperatures and rates of 
flow. Hl  corresponds to the loop 
hydraulic head, and az to the loop 
constant. In  order to  solve this 
equation simultaneously with the 
energy equation, it will be neces- 
sary to replace the derivative by 
its finite-difference approximation. 
This gives 

where the prime denotes a forward 
extrapolation in time. The time 
interval should be small enough 
that Hi, Rz, and az may be evaluated 
a t  either end of the time interval 
without appreciable effect on the 
solution. The energy equation, as 
noted below, permits the evaluation 

It can be readily ascertained that 
a suitable form of the energy equa- 
tion is simply a heat balance. 

of H p  

DH Q 
Or PA 

(12) 
Heat conduction along the axis of 
flow and the mechanical energy 
terms can be neglect&& Replacing 
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the partial derivatives by their ap- 
proximate finite differences results 
in 

+ T'%+AZ--TX+A.X 
AT 

or 

(14) VAT QAT XiG T s  + --FA, 

This equation determines the 
change of temperature with time 
over a volume element of fluid sub- 
ject to  given conditions of rate of 
flow and of feed input. 

The analysis would begin by sub- 
dividing the loop into a number, 
say N ,  of finite elements. Equation 
(14) would then be applied to each 
subdivision with the appropriate 
value of Q, p,  A ,  and A x  to give N 
equations of the form 

and T = mAr U, r D  where Pn = ---- 
pnCpAn 

for m an integer. 

The interchange of heat between 
the fluid and the confining piping 
needs to be taken into account if 
the heat capacity of the metal walls 
is relatively large or if there are 
significant heat losses from thz 

T' n -  - ( I - - -  " )  Tn + 
V,  

where 7, = A ,  AxG, the volume of 
the subdivision. For a particular 
value of the time increment, the 
right side of this equation is known 
from initial conditions and method 
of subdivision. The temperature 
distribution and therefore the hy- 
draulic head, HL, may then be 
evaluated a t  the new instant. With 
the aid of Equation (11) the rate 
of flow may also be determined a t  
the new instant. Repeated applica- 
tions of these two equations will 
produce a record of temperature 
and rates of flow. 

The heat added from the sur- 
roundings, Q ,  will in general be 
composed of both direct heat addi- 
tion, such as by an immersion 
heater, and heat gained through 
the walls; for example, 

Q = 4 + U?rD (t - T) 
where q = direct heat input (im- 
mersion heater, etc.) , U = local 
over-all or film heat transfer co- 
efficient, and t = local external tem- 
perature (wall temperature). Equa- 
tion (15) may be generalized as 

loop system. For the experimental 
loop reported in this paper, suffi- 
cient insulation was provided so 
that only the raising and lowering 
of the pipe-wall temperature needed 
to be taken into account. A simple 
heat balance (no longitudinal con- 
duction, no external heat losses, 
and no radial temperature distri- 
butions) for the confining walls of 
the subdivision yields 

(tn - Tn) at, h 
dT 
- = 

pwcw 
(0: - D , ~ )  _-___ 

4Dn 
(17) 

10 

Fig. 5. Comparisons of calculated and experimental transient operations, 
computer problem 3, first revision. 

Fig. 6. Comparisons of calculated and experimental transient operations, 
computer problem 3, second revision. 
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In finite-difference form Equation 
(17) is written as 

(18) 
where 8 = (Do2 - D,2) f 40, (in 
feet) approximates the wall thick- 
ness. 

STABILITY AND CONVERGENCE 
OF FINITE-DIFFERENCE 
EQUATIONS 
In  cases where i t  is impossible 

to obtain an exact solution of a 
partial-differential equation, an ap- 

I I 

proximate solution may be obtained 
from a corresponding finite-dif- 
ference equation. The merit of such 
a numerical solution will then de- 
pend upon the convergence of the 
finite-difference solution to  the ex- 
act solution. The magnitude of the 
increments used affects not only 
the convergence of the numerical 
solution but also the stability of 
the solution. Errors may be com- 
pounded in the computation and 
result in instability. The general 
problem of stability and conver- 
gence of numerical solutions has 
been discussed in detail in the 
literature($, 8, 12, 13, 15, 16, 18, 

Fig. 7. Comparisons of calculated and experimental transient operations, 
computer problem 3, third revision. 

- 

400 500 600 TOO 000 000 

Fig. 8. Comparisons of calculated and experimental transient operations, 
computer problem 3, fourth revision. 

19, among others), primarily tor 
the wave and heat-conduction equa- 
tions. Though the flow equation 
(11) would be difficult to analyze 
formally for  convergence and sta- 
bility, a relatively simple means of 
curbing an error in time and dis- 
tance for the heat balance leads t o  
the following criteria for  stability 
(1) : 

V A T  Forb = - - = mesh ratio 
Vn 

u = 1 - f i n  AT - b 

ILLUSTRATTON OF FINITE DIF- 
FERENCE EQUATIONS FOR COM- 
PUTER EVALUATIONS 
The method of loop subdivision 

and the evaluations of the constants 
in the finite-difference equations are 
illustrated for  computer problem 4. 
This problem concerns the response 
of the second experimental loop to an 
abrupt input of heat starting with 
the fluid a t  uniform temperature and 
a t  rest. The operating conditions are 
summarized in Table 1. Table 3 sum- 
marizes the loop parameters used in 
the calculations. 

Temperatures of the fluid and wall 
for each subdivision are evaluated 
through the use of Equations (16) 
and (18), respectively. A summary of 
the actual equations employed is 
given in Table 4. Equation (11) is 
used to determine the flow. The ap- 
proximation used for the computa- 
tion of the hydraulic head, is 

N 

where 2, represents the vertical pro- 
jection of the subdivision. A negative 
value is used if the flow is upward in 
the subdivision, and a positive value 
f o r  downward flow. The total number 
of subdivisions is N .  The densities 
are computed from the fluid tempera- 
ture and the relation 

p n  = 62.404 f 0.4556 ($0) -- - 

0.9605 ( 2 0 ) '  -- +0.08164 (ZT -- 

This density equation was obtained 
by applying the method of least 
squares t o  the tabulated densities of 
water given in McAdams(l7) and in 
the International Critical Tables. The 
equation is valid for temperatures up 
to  300'F. and is accurate to  0.02% 
for low pressures. The evaluation of 
the loop constant, a2, is given in Table 
3, and the flow equations for viscous 
and turbulent flow are given in Table 
4. 
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COMPARISON OF EXPERIMENTAL 
AND CALCULATED TRANSIENT 
LOOP RUNS 
A total of sixty-four transient 

natural-circulation runs was made 
on the first loop. These runs served 
to demonstrate the reproducibility 
of the tests and to characterize the 
response to abrupt additions and 
release of heat to the fluid under 
various initial conditions. Atten- 
tion is focused on only two runs 
on the first loop for purposes of 
comparing the experimental results 
with the numerical solution of the 
finite-difference equations. The con- 
ditions of the two runs for com- 
puter problems 2 and 3 are listed 
in Table 1. The progressive refine- 
ment of the relations for the loop 
parameters including a reduction 
in the number of subdivisions and 
the effects on the numerical evalua- 
tions of computer problem 3 are  
summarized in Table 2 and illus- 
trated in Figures 5 to 10. The 
comparisons of calculated and ex- 
perimental values of flow and tem- 
peratures given in Figure 6 indi- 
cate that the transient operation 
of the natural-circulation loop can 
be predicted with a fair degree of 
assurance. Several points of de- 
parture may be summarized as f ol- 
lows : 

1. Difference between the initial 
maximum values of TI and T3 indi- 
cates that the film heat transfer co- 
efficient should be increased. 

2. Lag between experimental and 
calculated temperatures indicates the 
importance of the heater lag. 

3. Difference between initial flow 
rates indicates more precision re- 
quired in specifying loop resistance. 

4. Difference between steady-state 
temperatures indicates the need for 
an improved cooler equation. 
The successive improvement of the 
loop parameters for revisions 2 and 
3 and the approach of the calcu- 
lated values to the experimental 
values are revealed in Figures 6 
and 7. The fourth revision of com- 
puter problem 3, given by Figure 
8, shows little o r  no departure from 
the third revision even though the 
number of subdivisions in the loop 
was nearly halved. 

Computer problem 2 represents 
a more exacting test of the analyti- 
cal equations for the volumetric 
flow starts a t  zero. The same finite- 
difference equations that were suc- 
cessful for the third revision of 
computer problem 3 were applied 
in the second revision of computer 
problem 2. The calculated and ex- 
perimental results are  shown in 
Figure 9, and, in general, the 
agreement is satisfying. Further 
improvement could be achieved by 
correcting the heat transfer co- 

efficient and refining the viscous- 
flow loop resistance. 

The second loop, with its faster 
response, provided a relatively 
severe test of the analytical ap- 
proach. 'Computer problem 4 was 
calculated for operating conditions 
corresponding to transient run 65, 
which was made on the second loop. 
The finite volume subdivisions used 
were of the same order of magni- 

tude as those employed in the third 
revision of computer problem 3, 
and the details of the equatiom 
have been previously noted. The 
comparisons of the calculated and 
experimental results are shown in 
Figure 10. The agreement between 
experimental and predicted values 
is generally very good. Had the 
heat transfer coefficient for the 
cooler been corrected for the num- 

0 

Fig. 9. Comparisons of calculated and experimental transient operations, 
computer problem 2, first revision. 

TIME - I L C O l O P  

Fig. 10. Comparisons of calculated and experimental transient operations, 
computer problem 4. 
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ber of subdivisions, better agree- 
ment of steady-state values would 
have been attained. 

SUMMARY 
A method for  predicting the 

transient behavior of a single- 
phase, natural-circulation loop was 
demonstrated. The method employs 
the iterative solution of the finite- 
difference energy and momentum 
balances and has the following 
points of interest: 

1. The one-dimensional analysis 
appears to be sufficient for engineer- 
ing purposes. 

2. The assumption of uniform aver- 
age volumetric flow around the loop 
at a given instant is sufficiently valid 
for  most expected conditions. 

3. The finite-difference equations 
may be simplified considerably by the 
use of an average fluid density in 
the flow equation except for the hy- 
draulic-head term. 

4. The degree of reliability of the 
mathematical model will depend upon 
the accuracy with which the physical 
parameters are known or can be esti- 
mated; for example, two main factors 
are loop resistance and heat trans- 
ferred to the fluid. 

5. Relatively large subdivisions 
may be employed in the finite-dif- 
ference equations if the proper mesh 
ratio is chosen. 
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NOTATION 
a = temperature coefficient = 1- 

PAT-b, lb.mass/sec.2/ft.5 
al = loop constant = j Q / g  dx/A 

A = cross-sectional area, sq.ft. 
b = mesh ratio = VA.c/V,, 

C, = G = specific heat of fluid, B.t.u. 
/ (1b.mass) (OF.) 

D = diameter, f t .  
E = internal energy, B.t.u./lb.mass 
E = total energy = E + u2/2ag, + 

(gig,) x ,  B.t.u./lb.mass 
f = Moody friction factor 
f ’  = Fanning friction factor 

f z  = friction factor f o r  transient 

F = frictional loss, total, ft.(Ib. 

0 

flow (in this paper fz  = f) 

force) /lb.mass 

F = frictional loss per unit length, 
f t .  (lb-force) /ft.(lb.mass) 

g = local acceleration of gravity, 
ftJsec.2 

g, = conversion factor in Newton’s 
law of motion, 32.2 (1b.mass) 
ft./ (1b.force) 

G =mass  rate of flow, 1b.massI 
(sq.ft.) (sec.) 

GPM = coolant ra te  of flow gal./ 
min. 

h = film heat transfer coefficient, 
B.t.u./ (sec.) (sq.ft.) (OF.) 

h’ = film heat transfer coefficient, 
B.t.u./ (hr.) (sq.ft.) (OF.) 

H = enthalpy, B.t.u./lb.mass 
H ,  = loop hydraulic head = Jpdz, 

k = thermal conductivity, l3.t.u.l 

L = length, f t .  
m = integer, denoting time posi- 

tion 
n = integer, denoting space posi- 

tion 
N = number of subdivisions in 

loop 
p = pressure, lb.force/sq.ft. 
@=l inear  rate of heat input to  

heater element, B.t.u./ (ft.) 
(sec.) 

q‘ = rate of heat input t o  heater 
element, B.t.u./sec. 

QkW = rate of heat input to heater 
element, kw. 

&=l inear  ra te  of heat input to 
fluid, B.t.u./ (ft.) (see.) 

&’=ra te  of heat input to fluid, 
B.t.u./sec. 

r = pipe radius, ft. 
Re = Reynolds’ number = Duplp 
Rl = total loop resistance = jpFdx, 

T = fluid temperature, OF. 
t = external temperature, wall or 

coolant, OF. 
u = linear velocity, ft./sec. 
U = over-all heat transfer coeffi- 

cient, B.t.u. /(see.) (sq.ft.) 
(OF.) 

v = specific volume = l / p ,  cu.ft./ 
1b.mass 

V = volumetric rate of flow, cu.ft.1 
see. 

V, = volume of subdivision=A,Ax,, 
cu.ft. 

V0 =total  cooler volume, cu.ft. 
V, = heater element volume, cuf t .  
VAz/V, = mesh ratio 
w =mass rate of flow, Ib.mass/ 

x = distance along streamline, ft. 
x, = length of subdivision, ft. 

z = vertical projection, ft. 
2, = vertical projection of subdi- 

vision, f t .  
a = coefficient in kinetic energy 

term = % for viscous flow 
= 1  for  turbulent flow 

0 

lb.mass/ sq.ft. 

(sec.) (sq.ft.) (“F./ft.) 

0 

1b.masslsq.ft. 

- 

- 

sec. 

6 1 (02 - 0 , 2 )  140, s wall thick- 

p = viscosity, lb./ft.sec. 
pCp = viscosity, centipoises 

p = density, 1b.lcu.ft. 
pc = volumetric heat capacity of 

fluid = pep, B.t.u. / (cu.ft.) 
(OF.) 

peee = volumetric heat capacity of 
heater element, B.t.u./ (cu.ft.) 
(OF.) 

ewew = volumetric heat capacity of 
walls, B.t.u./ (cu.ft.) ( O F . )  

z = time, sec. 
J = integration around closed loop 

ness, ft.  

0 
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