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TRANSIENT BEHAVIOR OF A NATURAL-CIRCULATION 
LOOP OPERATING NEAR THE 

THERMODYNAMIC CRITICAL POINT 

by 

D a r r e l G. Harden 

CHAPTER I 

INTRODUCTION 

In te res t in utilizing na tu ra l -c i rcu la t ion loops to obtain resu l t s that 
aid in the design of some boiler and nuclear reac tor coolant sys tems has 
focused attention on the ^dynamic behavior of such loops. Much analytical 
and exper imenta l work has been done so as to pe rmi t predict ions of the 
t rans ien t behavior of both s ingle-phase and two-phase na tura l -c i rcula t ion 
sys tems . One region in which t rans ient behavior has been noted exper i 
mentally, but which has not been investigated, is that region near the 
thermodynamic cr i t ica l point of the fluid. 

Two very des i rable cha r a c t e r i s t i c s of a na tura l -c i rcu la t ion sys 
tem fluid a re that the fluid p o s s e s s a l a rge heat capacity, and the density 
var ia t ion with t empera tu re be l a rge . Both requ i rements a re met when the 
fluid is in the n e a r - c r i t i c a l region. The specific heat capacity in the c r i t 
ical region becomes l a rge , but only over small t empera tu re differences. 
Since an actual sys tem w^ill operate with a finite t empera ture difference, 
A T , between the inlet and exit of the hea te r section, the heat capacity of 
the fluid will have a finite value. At constant p r e s s u r e , the density of a 
supercr i t i ca l fluid dec rease s rapidly with increasing tempera ture near the 
cr i t ica l point. The magnitude of the density change, although smal le r , is 
analogous to the change in density of water and its vapor as the water is 
vaporized. 

The changes in the t r anspor t p rope r t i e s v iscosi ty and thermal con
ductivity a re also of in te res t . The viscos i ty dec reases to a minimum value 
at the cr i t ica l point w^hich means that the viscous damping charac te r i s t i c of 
the fluid is at its minimum value. The the rmal conductivity dec reases by 
approximately 100 per cent. 

Two possible applications in which a na tura l -c i rcula t ion loop might 
operate near the thermodynamic cr i t ica l point of the fluid are when (1) the 
loop is designed for operation in this region to util ize a s ingle-phase heat -
t ransfer medium and take advantage of the expected high hea t - t r ans fe r coef 
ficients, and (2) the fluid p a s s e s through the cr i t ica l region as it is heated 
in a superc r i t i ca l p r e s s u r e pow^er cycle. In ei ther of the cases , the l imi ta 
tions assoc ia ted with the physical and hydrodynamic instabili ty in the 



operation of a nuclear reac to r a r e el iminated or considerably smoothed, 
since the hea t - t r ans fe r agent is a supercr i t i ca l s ingle-phase fluid. In both 
applications, knowledge of the expected dynamic behavior is des i red . 

Qualitatively, a na tu ra l -c i rcu la t ion loop can be considered as a 
physical sys tem having iner t ia , r e s i s t ance to flow ,̂ a p r e s s u r e differential 
due to density head, and energy storage in the sys tem fluid. Disturbances 
in heat input or heat removal , -with the resul tant changes in density head 
and fluid flow ra t e , upset the equi l ibr ium balance, and an adjustment must 
occur to satisfy the new conditions. At cer ta in combinations of power level 
and sys tem p r e s s u r e for a given loop configuration, the gravitat ional dr iv
ing force within the sys tem will inc rease w^hile the damping within the s y s 
tem may decrease until sustained osci l lat ions in flow and p r e s s u r e may 
occur . It may be that, under cer ta in operating conditions, dynamic equilib
r ium will never be attained as long as the fluid is in the region of the cr i t ica l 
point unless a sys tem geomet ry can be devised which would minimize the 
unstable effects. 

On^ analysis of hydraul ic stability consis ts of solving the continuity, 
momentum, energy, and phenomenologTcal equations describing the sys tem. 
When such equations a re wri t ten to include all the minute details of the s y s 
tem, they often become too complex and no longer amenable to solution. 

The pr incipal objective-of .this study_w^as to study ^experimentally 
and analyjtically the t r ans ien t s encountered in the c r i t i ca l region. The ex
per imenta l port ion consisted of constructing a closed na tura l -c i rcu la t ion 
loop containing_Freon-114 and inst rumentat ing to m e a s u r e the flow and 
p r e s s u r e t r ans ien t s . F ' r e o n - I M was chosen as the sys tem fluid because 
of i t s low cr i t ica l t empera tu re and p r e s s u r e (294.2°F and 474.8 psia) , and 
availabili ty of thermodynamic data. The choice of fluid is otherwise un
important because the bas ic mechan i sm of the flow instabili ty near the 
thermodynamic cr i t ica l point should be the same for all fluids. 

The analyticaljportion of the study consisted of simulating the loop 
by utilizing a digital computer to predic t the measu red t r ans i en t s . The 
one-dimensional conservat ion equations w^ere w^ritten for a control volume, 
and then the control volumes w^ere cascaded to obtain the simulated loop. 
The sys tem of l inear equations thus obtained was solved with an IBM 704 
e lec t ronic computer . 



7 

CHAPTER II 

SURVEY OF LITERATURE 

A survey of the l i t e r a tu re r evea l s that the f i rs t information on heat 
t r ans fe r in the c r i t i ca l region was published in 1939 by Schmidt, Ecker t , 
and GriguU.^^ ' Since then, seve ra l exper imenta l and analytical inves t iga
tions have aimed at the development of predict ive methods for, and the 
understanding of, heat t ransfe r in this region. In the p rocess of obtaining 
hea t - t r ans f e r data in this region, severa l exper imente r s have repor ted 
p r e s s u r e and flow^ osci l lat ions of such sever i ty that it w^as impossible to 
make hea t - t r ans fe r m e a s u r e m e n t s in this a r e a . 

Schmidt, Ecker t , and Grigull '3^) investigated the hea t - t r ans fe r 
cha r ac t e r i s t i c s of ammonia in a t he rma l syphon-type appara tus . The ex 
per imenta l procedure was to charge the constant-volume sys tem with an 
a r b i t r a r y araount of fluid and heat to the c r i t i ca l region. The change of 
s tate from the onset of heating could be followed on a p-v or T-S d iagram 
as a line of constant volume. Near the c r i t i ca l p r e s s u r e , both p r e s s u r e and 
t e m p e r a t u r e fluctuated widely with t ime , so that measu remen t in this region 
was made difficult and, in par t , imposs ib le . These fluctuations appeared 
not only during heating but pe r s i s t ed for hours a f te rwards . In passing 
through the c r i t i ca l state during heating, the p r e s s u r e and t empera tu re in 
c r e a s e was r e t a rded grea t ly because of the i nc rea se s of the volume coef
ficient of expansion and of heat capacity Cp. 

Holman and Boggs^-^"^ studied the hea t - t r ans fe r cha rac t e r i s t i c s of 
F reon-12 in i ts c r i t i ca l region in a closed na tura l -c i rcu la t ion loop. They 
observed in the regions close to the c r i t i ca l state fluctuations in p r e s s u r e 
of the o rde r of 20 to 30 psi , accompanied by an intense vibration of the tes t 
appa ra tus . When the ra te of flow of cooling water was inc reased so that 
the p r e s s u r e in the appara tus was reduced, the fluctuations subsided; how
ever , if the flow ra te •was dec reased or the power increased , the f luctua
tions became more severe and did not subside until the p r e s s u r e had r i s en 
well above the c r i t i ca l value. In many ins tances the p r e s s u r e fluctuations 
did not subside until a p r e s s u r e of 150 to 200 psi above the cr i t ica l p r e s 
sure was at tained. The instabi l i ty of operat ion in the vicinity of the c r i t i ca l 
point was at t r ibuted to the rapid change of p roper t i es in this region. 

P r e s s u r e and flow osci l la t ions s imi la r to those repor ted by Holman 
and Boggs\-'-°' were found by VanPutte and Grosh, '38) who studied heat t r ans 
fer to water in the c r i t i ca l region. Fluctuations in p r e s s u r e and flow ob
served in the n e a r - c r i t i c a l region tended to des t roy s teady-s ta te conditions. 
These fluctuations seemed to be a function of the sys tem p r e s s u r e and the 
t e s t - s ec t ion power input when the conditions in the tes t section were supe r 
c r i t i ca l . With a constant power input, the frequency and magnitude of the 
fluctuations inc reased as the p r e s s u r e approached the cr i t ica l p r e s s u r e . 



The fluctuations also inc reased in frequency and magnitude as the power 
input was inc reased . When the fluctuations were encountered at a p r e s 
su re near the c r i t i ca l p r e s s u r e (3250 to 3700 psi) , the fluctuations could 
be stopped by ra is ing the p r e s s u r e about 200 ps i . 

In a s e r i e s of exper iments with carbon dioxide in the cr i t ica l region 
by Smith and coworkers, '4>20,21) ^o flow or p r e s s u r e instabi l i t ies were 
noted. 

The occur rence of p r e s s u r e fluctuations severe enough to induce 
mechanical vibration of the tube and subsequent rupture has been repor ted 
in severa l p a p e r s . Hines and Wolfv-'-8j jn a recent study of the p r e s s u r e 
fluctuations encountered in a diabatic flow of R P - 1 and diethylcyclohexane 
( D E C H ) at superc r i t i ca l p r e s s u r e s repor ted fluctuations in p r e s s u r e of 
380 psi , peak to peak, with frequencies in the range from 1000 to 10,000 cps . 
The vibrat ion was very des t ruc t ive to thin-walled tubing. In t e s t s with 
thick-walled tubing, s imi la r p r e s s u r e fluctuations were measu red , but the 
tubes were able to r e s i s t the effect of the mechanical s t r e s s e s . They give 
a comprehens ive survey of the l i t e r a tu re of s imi lar o c c u r r e n c e s . 

In a documentation of "boiling songs" and associa ted mechanical 
v ibra t ions , Firstenberg^-'-^'' r epor ted the resu l t s of informal interviews 
with var ious r e s e a r c h e r s in which "boiling songs ," mechanical v ibra t ions , 
and p r e s s u r e fluctuations were d i scussed . Several of the conclusions 
reached w e r e : 

1. Under cer ta in conditions of local boiling, which includes a 
boil ing-l ike mechan i sm at superc r i t i ca l p r e s s u r e s , intense sounds (boiling 
songs) and mechanical vibrat ions can be genera ted . 

2. The occur rence of these intense sounds and mechanical v i b r a 
tions a r e int imately re la ted to the operat ing conditions in the heated portion 
of the loop. 

3. The boiling songs and assoc ia ted vibrat ions a r e accompanied by 
l a rge-ampl i tude p r e s s u r e and flow fluctuations, although such fluctuations 
may occur without the generat ion of sounds or v ibra t ions . 

4. When these unusual phenomena occur in a sys tem, the condition 
is reproducible and r e v e r s i b l e . 

5. These unusual phenomena exhibit a threshold condition, gen
e ra l ly occur r ing at about 70-80 per cent of the burnout heat flux. 

6. In the case of intense sound generat ion, increas ing the heat flux 
while maintaining a constant inlet subcooling and flow ra te resu l t s in an in
c r e a s e d intensi ty which maximizes and then decays as burnout is approached. 



7. The intensity of the assoc ia ted vibrat ions may show the same 
pat tern as sound-generat ion phenomena, or may p e r s i s t until the burnout 
condition. 

8. During vibrat ion, and probably during sound generat ion, the 
heated surface exhibits a per iodici ty in bubble formation, that i s , all 
bubbles a re synchronized and grow and collapse s imultaneously. 

9. The occur rence of boiling songs and associa ted vibrat ions a p 
pea r s to be confined to local (subcooled) boiling s y s t e m s . There has not 
been a recorded occur rence of these phenomena in bulk boiling (net vapor 
generation) s y s t e m s . 

10. The unusual phenomena resu l t from p r e s s u r e waves and /or 
flow fluctuations which induce var iab le heat t ransfer in the sys t em. The 
var iabi l i ty in the hea t - t r ans f e r ra te and energy dissipation of the p r e s s u r e 
wave re su l t s in the intense sounds and v ibra t ions . 

F i r s t enbe rg concluded that the sever i ty of the vibrat ions and inten
sity of the sounds indicate a possible l imit ing condition for some boiling 
s y s t e m s . Because of o ther , m o r e immedia te needs in cases where these 
phenomena were observed, they were considered to constitute a nuisance 
condition and thus were not invest igated sys temat ica l ly . It was r e c o m 
mended that some sys temat ic investigation of these phenomena be initiated 
d i rec ted at obtaining an understanding of the cause-and-effect re la t ions , 
and discovering methods for el iminating the o c c u r r e n c e s . 

Goldman^ '*' in a r epo r t of hea t - t r ans fe r exper iments involving 
superc r i t i ca l water at 5000 psia dist inguished between heat t ransfe r with
out "whist le" or a "normal" mode and heat t ransfer with "whist le ." The 
frequency of the whistle sound var ied from about 1400 to 2200 cps . Inlet 
t empera tu re appeared to have the g rea te s t effect on frequency, whereas 
p r e s s u r e had l i t t le , if any, effect. A p r e s s u r e inc rease in the sys tem of 
about 50 psi occu r red at the onset of the whistle sound. 

Griffith and S a b e r s k y ^ ' studied fluid motion photographically 
in the neighborhood of a heating surface in a container filled with fluid at 
i ts thermodynamic c r i t i ca l point to de te rmine if any bubble-l ike motion 
could be detected, and if so, to re la te this motion to any sharp i nc rea se s 
in the hea t - t r ans f e r r a t e . The visual r e su l t s gave some indication that 
bubble-l ike aggrega tes may form; but, under the conditions of this tes t , 
the bubble-l ike motion did not lead to any abrupt inc rease in the hea t -
t rans fe r ra te as i s observed in nucleate boiling. 

The fluctuation of the na tu ra l - c i r cu la t ion flow ra te in sys tems at 
subcr i t ica l p r e s s u r e , pa r t i cu la r ly those in which boiling takes place, has 
been widely encountered in bo i l e r s and nuclear r e a c t o r s . As yet, there 
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is no single theory that desc r ibes two-phase hydraulic cha rac t e r i s t i c s over 
the ent i re range from a tmospher ic p r e s s u r e to 2000 psia , [see Ref. (45)]. 

The goal of analytical work concerning a t es t - loop stabili ty analys is 
is to predict the dependence of the inception point, frequency, and amplitude 
of osci l lat ions on sys tem p a r a m e t e r s . Two approaches a r e used. In the 
f i rs t , the genera l equations of the sys tem, such as the energy, continuity, 
and momentum equations, a r e solved, the resul tant solution indicating the 
influence of sys tem p a r a m e t e r s on stabi l i ty. In the second approach, some 
controlling phenomenon, such as an ex t r emum in the p r e s s u r e drop ve r sus 
flow rate curve , is a s sumed to be the only phenomenon of impor tance , and 
sys tem stabili ty is evaluated by investigation of factors affecting this 
phenomenon. 

The analyt ical and exper imenta l work assoc ia ted with reac tor and 
tes t - loop stabil i ty has been reviewed by Anderson and Lottes.^^j The con
clusions reached as a resu l t of this survey a r e : (l) the exper imenta l in
formation in the field of reac to r and tes t - loop stabili ty is s p a r s e , (2) 
analytical p rocedures a r e st i l l in a p re l imina ry s ta te , and (3) because of 
over -des ign of r e a c t o r s due to lack of information, a more p rec i se method 
of predict ion of stabil i ty is important to the future development of boiling 
water r e a c t o r s . 

(45) A m o r e recen t review by Beckjord^ ' d i s cus ses hydrodynamic 
stabil i ty in r e a c t o r s . References to recen t rdactor stabili ty work a r e 
given. Hydrodynamic instabi l i t ies fall into two c l a s s e s from the reac to r 
point of view. The f i rs t c l a s s includes power - to - reac t iv i ty feedback in
stabi l i t ies in which hydrodynamic phenomena predomina te . The second 
c l a s s a r e those in the form of varying coolant flow r a t e s or density w^aves 
t ravel ing in the fuel channel, which would affect the r eac to r in a way s imi la r 
to external d i s tu rbances . The reac to r power would fluctuate with hyd ro -
dynamic va r i a t ions . 

Foltz and Murray^-^ -' in a study of two-phase Freon-114 flow ra te s 
and p r e s s u r e drops in long and short para l le l tubes repor ted periodic 
fluctuations in the flow in the long tubes at high heat flux. Under the con
dition of high heat input the flow in the two longer pipes would begin to 
fluctuate, slightly at f i rs t , then with increas ing ampli tude, until the flow
m e t e r bobs were going from top to bottom. The s lamming of flowmeter 
bobs against the bottom stop indicated a flow r e v e r s a l . The two pipes would 
be out of phase , with one tube having a flow ra te of about 700 Ib^-^^hr when 
the other pipe had no flow. The fluctuations were cyclic with a per iod of 
about 10 s ec . The two short pipes remained re la t ively steady with some 
fluctuations of about ±4 percent of average flow. The fluctuations could be 
damped out, without decreas ing the heat load, by r e s t r i c t ing the flow through 
the shor t p ipes . The same fluctuating flow could be obtained at a lower heat 
flux by res t r i c t ing the flow to the inlet manifold. In each case the fluctua
tions occur red when the heat input was sufficient to vaporize about 70 per cent 
of the liquid flowing in that pipe. 
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Lee et al_.^ ' in a design study of thermosiphon r ebo i l e r s (natural -
circulat ion ver t ica l - tube evapora tors ) descr ibed a pulsating flow they en
countered. In an effort to unders tand bet ter the cause of the high velocit ies 
which they observed at the outlet of the 5- and 10-ft reboi ler tubes , a small 
l abora tory , s ingle-tube glass thermosiphon reboi ler was built and operated. 
Heat was supplied by means of an e lec t r i ca l heating element wrapped around 
the tube. Slow-motion p ic tures of the unit showed very plainly a rapid pul
sating flow in the tube with each slug of liquid and vapor leaving the tube at 
high velocity. Each pulse of mixed liquid and vapor leaving the top of the 
tubes was accompanied by a "kickback" of the liquid in the bottom of the 
tube. It was concluded that anything that could be done to inc rease the r e 
s is tance to "kickback" would pe rmi t higher fluxes before vapor lock, which 
was defined as the onset of a surging type of flow, occur red . 

Anderson et al.,^ ' by solving the t i m e - and space-dependent con
servat ion equations with an analog computer , were able to predict the b e 
havior of a two-phase na tu ra l -c i rcu la t ion sys tem during t r ans i en t s . Their 
model was useful for invest igat ing the point at which their sys tem would 
exhibit osc i l la tory behavior . 

Quandt^ ^ developed an analysis for predicting the onset of stable 
para l le l channel flow osci l la t ions (or "chugging") which occur under cer ta in 
operat ing condit ions. The analys is is based on a l inear ized t rea tment of the 
conservat ion equations and equation of s ta te for small per turbat ions about 
some s teady-s ta te value. 

Wallis and Heasly^ ^ presented mathemat ica l models for three 
modes of osci l lat ion of a s imple two-phase flow, na tura l -c i rcu la t ion sys tem, 
together with qualitative r e su l t s of exper iments with a sma l l - s ca l e loop 
model . Their basic approach was to consider the loop as a dynamic sys tem 
of nonlinear t ime delays , s to rage , e l ements , and r e s i s t a n c e s . Standard 
methods of cont ro l - theory analys is were then applied to predict the onset 
of ins tab i l i t i es . 

Alstad et al.^ -̂  solved the conservat ion and state equations by finite-
difference methods for t e m p e r a t u r e s and r a t e s of flow in the t rans ient o p e r 
ation of a na tu ra l -c i rcu la t ion loop with a s ingle-phase fluid as the circulat ing 
fluid. Compar i sons for two exper imenta l water loops of predicted with 
actual pe r fo rmances employing water were found sa t is factory . 

Wissler,^ '' utilizing an analog computer , studied the osci l la tory 
behavior of a two-phase na tu ra l -c i rcu la t ion loop at a tmospher ic p r e s s u r e . 
The general conclusion of the stabili ty analys is was that a na tu ra l -
c i rculat ion loop could be made unstable in the sense that a smal l d i sp lace
ment f rom the equil ibrium state could lead to undamped osci l la t ions . 
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Garlid^ ' developed a model for a two-phase na tura l -c i rcu la t ion 
loop based on a concept of cascaded control volumes and lumped pa ramete r 
izat ion. The model was applied to a general sys te in and, hence, gave only 
general r e s u l t s . 

Myer,^ 0.^7) ^^^^ Myer and Rose^ '' d i scussed the derivation of the 
t rans ien t equations as applied to the para l le l flow configuration (constant 
p r e s s u r e difference a c r o s s the heated section) and presen ted the r e su l t s of 
the s imultaneous solution of the sys tem of equations utilizing a digital com
puter . They gave detai ls of the method, compar ison with exper iment , and 
fea tures which dist inguished their model from other analytical mode l s . 

The conclusion can be made , based on this survey of the l i t e r a tu r e , 
that flow and p r e s s u r e osci l la t ions in diabatic flow have been encountered 
over a wide range of operat ing conditions with many different s y s t e m s . A 
single unifying theory is needed to re la te these seemingly unrelated 
phenomena. 



CHAPTER III 

THEORETICAL ANALYSIS OF LOOP TRANSIENTS 

The fluid in a na tu ra l -c i rcu la t ion loop can be considered as a t he r 
modynamic sys tem which ( a ) p o s s e s s e s the cha rac te r i s t i c of inert ia, (b) ex
changes momentum with the walls of the surrounding tubing to produce a 
r e s i s t ance to flow, (c) contains a p r e s s u r e differential due to density head 
for the acce le ra t ion of the sys tem fluid, and (d) has a capability for energy 
s torage in the sys tem fluid. Sustained osci l lat ions of the fluid m a s s can 
be obtained by the effect of ce r ta in combinations of the sys tem var iab les . 

A somewhat analogous mechanica l model is the free piston in a 
gravi ty field: the m a s s of the piston cor responds to the m a s s of the fluid 
in the loop; the p r e s s u r e differential due to the density head cor responds 
to a driving force acting on the piston m a s s ; friction and momentum p r e s 
sure losses a r e r ep resen ted by viscous damping. To acce le ra te the free 
piston uniformly up the bore of the containing cylinder, it is neces sa ry to 
supply a driving force in the direct ion of motion in excess of the r e s t r a i n 
ing forces acting in the opposite direct ion. By periodical ly increasing and 
decreas ing the driving force, the piston can be made to osci l late about 
some equi l ibr ium point. 

Assume that s teady-s ta te conditions exist for the flow in a na tura l -
c i rculat ion loop. Dis turbances in heat input or heat removal from the 
sys tem fluid with the resu l tan t changes in density head and fluid flow ra te 
upset the equi l ibr ium balance, and an adjustment must occur to satisfy 
the new conditions. Under some operat ing conditions, the adjustment to 
the new mass -ve loc i ty level is reached by a damped t rans ien t with some 
initial osci l la t ion about the new s teady-s ta te condition. The operating con
ditions of in te res t in this investigation were those in which the adjustment 
resu l ted in sustained flow osci l la t ions about the "new" s teady-s ta te m a s s -
velocity value. 

One analysis of the dynamic stabil i ty of a fluid-flow sys tem con
s i s t s of solving the continuity, momentum, energy, and state equations 
descr ibing the sys tem. Time-dependent conservat ion equations with spe
cial r e fe rence to na tu ra l -c i rcu la t ion loops have been derived by seve ra l 
author s . ' 1'12, 28,41,42) The equations a r e nonlinear par t i a l differential 
equations in space and t ime. A d i rec t analyt ical solution is impossible 
with p resen t ma themat ica l knowledge. Severa l a l te rna t ives which have 
been considered a re : 

(l) reduct ion of the nonlinear sys tem to a l inear one by making 
simplifying assumpt ions enabling one to obtain an analyt ical 
solution. 
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(2) use of per turbat ions about an initial s teady-s ta te and then 
investigation of the resul t ing t ime-dependent behavior to de
te rmine whether the resu l t indicates unstable, stable, or 
osci l la tory behavior. 

(3) solution of the set of equations by finite-difference methods 
with a high-speed electronic computer or an e lect r ic analog 
computer . 

In this work a one-dimensional model was used, for which a s y s 
tem of equations was wri t ten and solved by finite-difference methods with 
a digital computer . 

(9/A) 

Figure 1 depicts a schematic of the loop. The closed loop consis ts 
of two legs of ve r t i ca l round tube of constant c ro s s - s ec t i ona l a rea . At 

z = 0 the fluid en te r s the hot leg 
and flows in a one-dimensional 
(counterclockwise) manner in the 
positive z direct ion around the loop. 
Variat ions in fluid p roper t i e s , 
velocity, and heat flux in the radia l 
direct ion were taken to be negli
gible. Heat conduction in the axial 
direct ion was neglected. The por 
tions of the hot and cold legs not 
occupied by the tes t section or 
cooler were adiabatic. 

In a thermodynamic analysis , 
the loop can be considered as having 
diabatic and adiabatic sect ions. In 
analyzing diabatic flow, two approxi
mations a r e general ly made. The 
f i rs t is that no external work is in
volved in the p roces s . The second 
is that the flow is incompress ib le 
in the sense that the density is in
dependent of p r e s s u r e and a function 
of t empera tu re or enthalpy only. 
These approximations a r e dependent 
on the major effect of heat t ransfer 

being a change in t empera tu re with only a secondary change in p r e s s u r e . 
This is ordinar i ly the case; but, when heat is added at a sufficiently high 
ra te or the fluid is in a region where large changes in density occur with 
even smal l quantit ies of heat added, the induced p r e s s u r e change may r e 
quire a considerat ion of the p r e s s u r e effect on the compress ib i l i ty in the 
flow. The assumption of a constant re ference p r e s s u r e p * can, in some 

Fig. 1. Schematic of the Loop for 
Analytical Representa t ion 



cases , be fulfilled in prac t ice by install ing a surge tank in the sys tem to 
damp p r e s s u r e fluctuations. As a f i rs t approximation, then, the a s sump
tion will be made that density p may be evaluated as a function of enthalpy h 
only: 

P = P(h, p*) . (III-I) 

The major difficulty encountered in a compress ib le model in which 
the density is evaluated as a function of enthalpy and p r e s s u r e is one of 
numer i ca l s tabil i ty in the solution of the equations describing the sys tem. 
The requi red t i m e - s t e p s ize, At, is of the order of the t ime for a sonic 
wave of speed c to pass through one space step: 

At < (Az/c) + |u I 

[see Ref. (34), p. 197]. Therefore , in a problem in which the fluid has a 
high sonic velocity, the t ime step becomes prohibitively short from a 
compute r - t ime cost standpoint. 

A na tu ra l -c i rcu la t ion loop can be operated near the c r i t i ca l point 
in ei ther the s ingle-phase or two-phase region. Exper imental r esu l t s in 
the two-phase region showed t rans ien t t r a c e s of m a s s flow ra te s imi lar to 
the "coffee pe rco la to r " or slug-flow effect which is encountered in many 
indust r ia l applicat ions, for example, in r ebo i l e r s . Therefore, attention 
was focused on the s ingle-phase compressed- l iqu id region where severe 
t rans ien t s were repor ted in the l i t e ra tu re and which were encountered 
during this exper imenta l p rog ram. 

Considering the fluid in the n*^ element as the thermodynamic s y s 
tem, the equation for conservat ion of m a s s can be wri t ten as 

(Sp/St) + ( B G / S Z ) = 0 , (ni-2) 

where G is the m a s s velocity and z the elevation. 

Assuming (l) the work done on the sys tem by frictional forces is 
negligibly smal l , (2) the kinetic and potential energy t e r m s can be neglected, 
and (3) the effect of p r e s s u r e changes with t ime on the enthalpy r i s e ra te 
is smal l , the equation for conservat ion of energy can be wri t ten [see 
Ref. (28)] as 

p Sh /S t + G ^ h / S z = Q / A , (HI-3) 

where Q is the l inear ra te of heat input to the fluid and A the c r o s s -
sect ional a r ea . 
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The equation of nnotion determined by making a momentum balance 
in the nth volume element is 

A A l ^ = . Adp - ^ ^ — ^ AdL - ^ Adz - dD: . (II1-4) 
gc ^t ^ 2pgcd g^ 1 

where g is a constant of proport ional i ty , L the length, D^ the lumped 
sect ional drag force, and f the s ingle-phase friction factor. Because of 
the assumpt ion that the density is not a function of p r e s s u r e , local com
pres s ion is not allowed; hence, a local dec rea se in density r e su l t s in 
d i s turbances in the local p r e s s u r e and velocity which a r e propagated at 
the speed of sound throughout the loop. This effect is the same as that 
which would r e su l t if one of the beads on a s tr ing of closely spaced beads 
were moved: a l l the beads would move the same distance with the same 
velocity. Therefore , because of this assumption, the momentum equation 
mus t be integrated over the ent i re loop c i rcui t and is used to r ep re sen t 
the behavior of the average m a s s velocity, G, only: 

— (dG/dt) = - A p - F , (HI-5) 
gc 

where 

- 1 r^ 
G = — j Gn dL , (I1I-6) 

0 

Ap = ( g / g j r Pn dz , (III-7) 

0 

and the total r e s i s t ance to fluid flow, F , is 

r L f | G | G 

J 2g^p^d 

The assumpt ion was made that the momentum losses due to in ternal drag 
forces in the loop were negligible. Since the loop is a closed circui t , 

/ dp = 0 . 

For a given re ference p r e s s u r e , the fr ict ional r e s i s t ance to flow 
due to the momentum exchange with the wall of the conduit was calculated 
as a function of the actual m a s s velocity by means of a relat ion of the form 

Ic I (^ 
F = N ^—+ Ni , (III-9) 



where N was a constant whose value depended on the mean m a s s velocity 
and mean density of the fluid. 

An express ion for the local change in the m a s s velocity in t e r m s 
of the local heating can be obtained by el imination of the t ime r a t e of den
sity and enthalpy change in the continuity and energy equations by means 
of the equation of s ta te . Applying the chain rule of differentiation to the 
equation of s ta te , Eq. ( i l l - l ) , the r e su l t is 

Sp / a t = (dp /dh) (ah /a t ) . (Ill-10) 

If this r e su l t is substi tuted into the equation of continuity, Eq. (ill-2), then 
the express ion becomes 

- ( ^ G / ^ Z ) = (dp /dh ) (ah /a t ) . (Ill-11) 

If this is solved for (Sh /S t ) and the r e su l t substituted into the energy equa
tion, Eq. (III-3), the express ion for the local change in the m a s s velocity 
is obtained: 

( a c / S z ) = (l/p)(dp/dh) [G(ah/az) - ( Q / A ) ] . (111-12) 

This equation and the momentum equation, Eq. (III-5), descr ibe the energy-
hydrodynamic re la t ionships of the flow system. A complete picture of the 
mass -ve loc i ty behavior in the steady and t rans ient state can be obtained 
by the s imultaneous solution of these equations. The techniques and methods 
used a r e d i scussed in the last section of this chapter . 

Qualitative Analysis 

A quali tat ive p ic ture of the t r ans i en t loop behavior can be obtained 
by examining these equations. In the s teady-s ta te condition, the momentum 
equation s ta tes that (dG/dt) = 0 and, therefore , Ap = F. In the energy 
equation G ( a h / a z ) = Q/A; therefore , ( S G / S Z ) = 0. Now, if an inc rease 
in heating power is applied to the flowing sys tem, Q/A > G ( a h / a z ) and, 
hence, the difference [G(ah / az ) - ( Q / A ) ] takes on some negative value. 
Since the t e r m [(l /p)(d p/dh)] is always negative, there is a positive in
c r e a s e in ( a G / S z ) . The change in ( S G / S Z ) r e su l t s in an inc rease of 
(oG/S t ) because of the inc reased Ap which, in turn, must be balanced out 
by an inc rease in the r e s i s t ance to fluid flow, F , to r e tu rn dG/dt to ze ro . 

The resu l t of this sequence of events is shown in Fig. 2. In this 
figure, it can be seen that the iner t ia of the s t r e a m resul ted in the initial 
overshoot and the subsequent undershoot . The sys tem damping caused 
the m a s s velocity to decay to the new s teady-s ta te value after a few cycles . 
It should be noted that the same sequence of events could have been ini
t iated by changing ei ther the Ap or F t e r m in the momentum equation. 
However, in diabatic flow, the change in heat addition is usually the forcing 
function for a flow change. 
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Fig. 2 

Response of Natura l -
c i rculat ion Loop to 
Step Increase in Heat 
Input 

A possible explanation of the sustained flow oscil lat ion is deduced 
by further analysis of Eq. (III-5) and (ill-12). There a r e four t e r m s in 
Eq. (Ill-12) which would force a change in ( d c / d z ) : [( l /p)(dp/dh)] , G, 
(Sh /Sz) , and Q / A . The la t ter is the only var iable which can be controlled 
independently. The quantities G, [( l /p)(dp/dh)] , and (Sh /Sz) can be 
manipulated p r imar i l y by changing the thermodynamic state of the fluid. 
The most favorable condition for large changes in ( S G / S Z ) is that the 
mult ipl ier t e r m [( l /p)(dp/dh)] and the t e r m [G(Sh/^z) - ( Q / A ) ] be large . 

Let us consider again the sequence of events leading to the damped 
oscil lat ion in the Fig. 2, and this t ime assume that the mult ipl ier is sev
e ra l t imes l a rge r . An increase in the heat input r e su l t s in [G(Sh/oz) - ( Q / A ) ] 

being again negative. This difference is multiplied by a large number and, 
therefore , a large positive ( S G / S Z ) r e su l t s . When the overshoot occurs , 
[G(dh/Sz) - ( Q / A ) ] becomes positive and again is multiplied by the same 
large number . This p roces s continues as long as the large changes in 
( S G / S Z ) r e su l t in Ap's which cannot be damped rapidly enough by the fr ic
tion and momentum losses in the sys tem. 

Thus far the analysis has been p r imar i ly on the bas is of a single 
control volume of fluid. When a s e r i e s of these a r e cascaded to simulate 
a heater or cooler section, further deductions can be made concerning the 
dynamic behavior of the loop. In Eq. (ill-12), th ree t e r m s will be affected 
because of the change in thermodynamic state and position z as the fluid 
moves from one control volume to the next. The local m a s s velocity G 
will be changing because of the fluid expansion, [ l / p (dp/dh)], and (Sh /Sz ) 
will be changing because of the heat addition. The value of Q / A may be 
changing because of the var ia t ion in hea t - t rans fe r coefficient with the 
thermodynamic state of the fluid. Hence, there a r e s eve ra l possible mecha
n i sms for changes in ( S G / S Z ) to occur , considering only the equation de-

. scribing the local change of m a s s velocity. 



To obtain a be t ter physical p ic ture of what is happening, let us a s 
sume there is a control volume of fluid at the upper end of the heater s e c 
tion which is about to undergo a la rge expansion due to the heat which will 
be added during a t ime interval . When the heat is added and the expansion 
takes place, there will be simultaneous inc reases in specific volume of the 
fluid and in the p r e s s u r e of the sys tem. The p r e s s u r e increase occurs be 
cause of the inc rease of specific volume, since for the first few t ime in
te rva l s we can consider the loop as having a constant total volume. The 
local p r e s s u r e inc rease is t r ansmi t ted at the speed of sound throughout 
the loop. Since we assumed that the control volume of fluid was at the top 
of the heater , only a smal l amount of fluid is involved in the large volume 
inc rease . Hence, it would be reasonable to a s sume that if the heating were 
to be decreased and the cooling inc reased at this t ime, the effect of the 
p r e s s u r e and flow inc rease could be quickly cancelled. This is the effect 
that is achieved by the loop dynamics . The increase in the fluid flow at 
the top of the hea ter caused the fluid at the cooler to flow faster and be 
cooled m o r e quickly, and at the same t ime the fluid is heated l ess in the 
heater section. 

The fluid is heated l ess in the hea ter because of two factors . The 
initial i nc rease in specific volume would tend to propagate a mass -ve loc i ty 
dis turbance in both d i rec t ions , with the resu l t that the incoming fluid is 
slowed and the outgoing fluid acce le ra ted . The initial slowing of the in
coming fluid and the inc rease of cooling ra t e in the cooler resu l t s in a 
r e tu rn of the p r e s s u r e and flow to normal , and, indeed, an undershoot of 
the s teady-s ta te values . The cycle r e s u m e s as soon as the next control 
volume of fluid is heated sufficiently to the point that further heat addition 
will r esu l t in large inc reases in specific volume. 

If the thermodynamic state of the sys tem fluid is such that the 
control volume of fluid which is about to undergo a large expansion be 
cause of the heat to be added during a t ime interval is at the lower end of 
the hea ter , then it would be expected that, as the mass of fluid in the in
it ial control volume pas se s through success ive control volumes, it would 
continue to expand. The p r o g r e s s of this m a s s of fluid through the heater 
is marked by an inc rease in flow ra te as the fluid ahead of this par t icular 
m a s s of fluid is being acce le ra t ed upward through the heater by the heat 
addition. In this case a t r ans ien t of lower frequency would be expected 
because of the l a rge r amount of fluid involved before the driving force, as 
d iscussed above, for the t r ans ien t is reduced. 

To s u m m a r i z e the qualitative analys is , it has been conjectured that 
the initiation of a sustained t r ans ien t is caused by a change in the r a t e of 
acce le ra t ion of the fluid in the hea ter or cooler . This conjecture was 
based on reasoning from a physical model and from examination of the 
one-dimensional equations descr ibing this model . 
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The hypothesis is advanced that sustained flow oscil lat ions will not 
exist in any sys tem as long as the driving force r ema ins constant. If it 
does va ry in a flow sys tem, then the change mus t be damped by increased 
damping which takes effect automatical ly. This inc reased damping may 
occur as a r e su l t of factors inherent ly in the sys tem fluid or due to ex
t e rna l damping devices built into the system, which act only when requi red 
to reduce the magnitude of the t rans ien t condition. 

This condition has long been recognized as applicable to an adia
batic forced-c i rcula t ion systenn. In this case the driving force is some 
external mechanica l device, and it is easy to see that var ia t ion of the 
driving force will r e su l t in flow and p r e s s u r e osci l la t ions . Also, in a 
na tu ra l -c i rcu la t ion sys tem, it is easy to visual ize the var ia t ion in flow 
ra te when the heat added to the sys tem is var ied in some manner . What 
is not so apparent in a diabatic sys tem is that the driving force for p r e s 
sure and flow osci l lat ions is generated internal ly in the fluid as a resu l t 
of the in teract ion of the heat addition and thermodynamic state of the fluid, 
and is essent ia l ly independent of any external driving force. 

In the s teady-s ta te operat ion of a diabatic sys tem under most con
ditions, the addition of heat r e su l t s in a uniform acce le ra t ion of the fluid 
through the hea ter section. When the thermodynamic condition of the fluid 
is such that the heat addition will r e su l t in a change of the thermodynamic 
state of the fluid to a condition in which the slope of the density-enthalpy 
curve changes, var ia t ions in the t he rma l acce le ra t ing force will occur be
cause of the local var ia t ion in the m a s s velocity. When the conditions a r e 
such that la rge changes in local m a s s velocity occur, then sustained p r e s 
sure and flow fluctuations will occur . 

The oscil lat ion mechan i sm will, in general , depend on (l) the t ime 
needed to expel from the heater the low-density fluid which has been 
formed, and (2) the t ime n e c e s s a r y for the thernaodynamic state of the 
fluid to become such that a nonuniform ra te of acce le ra t ion of the fluid is 
again significant. The f i rs t t e r m will depend on where in the tes t section 
the low-density fluid is formed. The la t ter t e r m will depend largely on 
the t ime requ i red to heat the element of fluid to the same thermodynamic 
state as existed previously. To calculate the t rans ien t t ime in the adia
batic section of the hot leg adequately, it is n e c e s s a r y to know the point at 
which the nonuniform acce le ra t ion begins to occur; hence, in a finite-
difference solution of the conservat ion equations, the length of the i nc re 
ments should be as smal l as possible , consis tent with the economics of 
purchasing computer t ime. An order -of -magni tude approximation is that 
the length of the increment be equal to i ts d iamete r . 

Another way to visual ize the operat ion of a na tura l -c i rcu la t ion loop 
and the conditions during a t rans ien t is to use a plot of position ve r sus 
local acce lera t ion , such as in Fig. 3. If an obse rve r moved with a control 
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(a) 

LOCAL ACCELERAXION 

v o l u m e of fluid a r o u n d the loop, t hen F i g . 3(a) shows a h i s t o r y of the s p a 
t i a l a c c e l e r a t i o n s e x p e r i e n c e d by th i s c o n t r o l v o l u m e in s t e a d y - s t a t e o p e r 
a t ion . The fluid e n t e r s the h e a t e r a t point 1 and is un i fo rmly a c c e l e r a t e d 

b e c a u s e of the hea t addi t ion to point 2, 
3 which i s the exi t of the h e a t e r . The 

fluid c o n t r o l v o l u m e then con t inues a t 
a c o n s t a n t ve loc i ty up the hot leg and 
o v e r to the coo le r a t point 3. In the 
c o o l e r , the fluid is u n i f o r m l y d e c e l e r 
a t ed f r o m point 3 to 4 to the in i t i a l 
v e l o c i t y a t which it e n t e r e d the h e a t e r . 
The fluid then t r a v e l s at a cons t an t 
v e l o c i t y b a c k to point 1. The s lope of 
the c u r v e in the h e a t e r , tha t i s , f rom 
point 1 to 2, wi l l depend p r i m a r i l y on 
the h e a t input and the t h e r m o d y n a m i c 
s t a t e of the fluid at the e n t r a n c e to the 
h e a t e r . In a c o n s t a n t - a r e a , s i n g l e -
p h a s e or h i g h - p r e s s u r e , two-phase s y s 
t e m , the dens i t y in the r i s e r p o r t i o n 
of the loop wi l l not v a r y m u c h with 
t i m e ; h e n c e , the ve loc i ty in th i s p o r 
t ion of the loop wi l l be c o n s t a n t and 
equa l to the ve loc i t y a t the out le t of 
the h e a t e r . Thus , the t r a n s i e n t t i m e 
of the c o n t r o l v o l u m e t h r o u g h the 
a d i a b a t i c s e c t i o n is r e p r e s e n t e d by a 
v e r t i c a l l ine on the p o s i t i o n - a c c e l e r a t i o n 
d i a g r a m . 

(b) 

LOCAL ACCELERAXION 

LOCAL ACCELERAXION 

Fluid Control Volume Position 
Versus Local Acceleration in a 
Closed, Natural-circulation Loop 

The s e q u e n c e of even t s which 
Fig. 3. Fluid Control Volume Position o c c u r s when the c o n t r o l v o l u m e of 

fluid b e g i n s to e x p e r i e n c e a g r e a t e r 
r a t e of a c c e l e r a t i o n a t the upper end 

of the h e a t e r s ec t ion , such a s is e n c o u n t e r e d when the s lope of the d e n s i t y -
en tha lpy c u r v e i n c r e a s e s , i s shown in F i g . 3(b). If the loop flow is in i t i a l ly 
a s shown in (a), then d u r i n g the t i m e for the loop to ad jus t to the new flow 
p a t t e r n shown in (b) t h e r e w i l l be a t r a n s i e n t condi t ion . On the o the r hand, 
if the loop is in i t i a l ly in the s t a t e shown in (b), t h e r e w i l l be a t r a n s i e n t 
i n t r o d u c e d in going to the condi t ion in (a). The q u e s t i o n can be posed a s to 
which t r a n s i t i o n would be e a s i e r for the t h e r m o d y n a m i c s y s t e m to u n d e r g o . 

A d i a g r a m wh ich would r e s u l t when the in i t i a l a c c e l e r a t i o n in the 
h e a t e r i s l a r g e i s shown in (c). 

The r e s u l t s of e x p e r i m e n t s to c o n f i r m t h e s e c o n j e c t u r e s w i l l be 
p r e s e n t e d in C h a p t e r VI. The a n a l y s i s of the s y s t e m equa t ions for 



simultaneous solution by finite-difference methods is next descr ibed. If 
the simultaneous solution of the sys tem equations yields stable flow con
ditions when the acce lera t ion of a fluid control volume in the heater or 
cooler is constant, and oscil lat ions when the acce lera t ion is nonuniform, 
then the hypothesis will have been confirmed for this s ingle-phase sys tem. 
If the computer model predic ts the two ranges of frequencies cor respond
ing to where in the heater or cooler the nonuniform accelera t ion occurs , 
the hypothesis can be extended to two-phase sys tems because of the s imi 
lar i ty of the acce le ra t ing forces , thus providing a unifying theory for the 
osci l lat ions encountered in subcooled and two-phase sys t ems . 

P r o g r a m m i n g Analysis 

A difference approximation to Eq. (ill-12) wri t ten for each i n c r e 
ment in the hea ter tube would supply a descr ipt ion of the var ia t ion of local 
m a s s velocity about the average . A single integrated momentum equation 
yields the behavior of the average m a s s velocity with t ime. The s imul ta
neous solution of these equations will give a complete descr ipt ion of the 
m a s s velocity of the fluid in the sys tem as a function of t ime and space. 

However, if only the behavior of the average m a s s velocity with 
t ime is des i red , then for ease of p rogramming for a digi ta l -computer 
solution, another procedure is followed. A difference approximation to 
the energy equation, Eq. (ill-3), is used to obtain local changes in enthalpy. 
Local values of density a r e evaluated from the local values of enthalpy. 
The elevation driving p r e s s u r e can then be calculated from the density 
distr ibution. The m a s s velocity which r e su l t s from the elevation head is 
then computed and, if this checks the initial m a s s velocity, the computa
tion ends. 

The genera l approach to the solution of these equations is to a s sume 
that the loop opera tes under some power input and s teady-s ta te conditions 
prevai l . The problem is of the "init ial value" type with t ime as an inde
pendent var iab le . The s teady-s ta te conditions at t = 0 define the initial 
s tate of the sys tem. The damping in the sys tem se rves as the "boundary 
condition" to the problem. The energy, continuity, momentum, and state 
equations for the loop, as developed in finite-difference forin, a r e solved 
for the values of m a s s velocity, enthalpy, and p r e s s u r e at t ime t + At in 
t e r m s of the quanti t ies at t ime t. 

A digi ta l -computer p rog ram for an IBM-704 was developed to solve 
the finite-difference equations by an i tera t ive method to determine the 
dynamic behavior of the sys tem during the t rans ien t . The independent 
var iab le of the problem is t ime t r e f e r r e d to by an integer j in the finite-
difference equations. The main unknown dependent var iab les a r e coolant 
enthalpy h(j), m a s s velocity G(j), and p r e s s u r e p(j). The auxil iary un
known dependent va r i ab les a r e coolant density and t empera tu re , which can 
be de termined in t e r m s of the main dependent var iab les from the tabulated 
values . 



Two simplifying assumpt ions made with re ference to the digital 
computer a r e as follows: 

(a) Quas i - s t eady-s t a t e conditions a r e assumed to prevai l during 
the t ransient , i .e. , it is supposed that at each instant during the t rans ient 
the re exis ts an instantaneous steady state and, as a consequence, the 
s teady-s ta te friction factor can be applied instantaneously. 

(b) To allow for the spat ial var ia t ion of the fluid p roper t i es , the 
loop is divided into n inc rements . "Lumped p a r a m e t e r " representa t ion 
is used for every increment , and the fundamental equations describing the 
behavior of each segment a r e general ly expressed in t e r m s of the inlet, 
outlet, and average p rope r t i e s of the fluid in that increment . 

The loop is sect ional ized in the z-d i rec t ion by division into 
n in terva ls , not n e c e s s a r i l y evenly spaced. The mesh increment is given by 

Conditions a r e evaluated at a number of t imes during the t ransient : 
t(o) = 0, t ( l ) , .. .t(j), ...t(j + l) . The t ime steps At(j) a r e not necessa r i ly 
evenly spaced: 

At(j) = t(j) - t(j - 1) 

The analys is is divided into two main pa r t s - steady state and t r an 
sient. In the s teady-s ta te analys is , the thermodynamic proper t ies in each 
control volume and the m a s s velocity prevail ing throughout the sys tem 
because of the s teady-s ta te heat input a r e calculated by the computer and 
s tored. These quanti t ies will be used as initial conditions in the t rans ient 
analysis which calcula tes the main independent var iab les (h, G, and p) at 
t ime t + At in t e r m s of the quanti t ies at t ime t after the step inc rease in 
heat input. 

The s teady-s ta te quanti t ies a re evaluated from the t rans ient equa
tions by s tar t ing from given inlet coolant p roper t i es and an assumed m a s s 
velocity and maintaining constant heat input and hea t -ext rac t ion levels 
during the success ive t ime steps xintil a l l the calculated quantities con
verge to within a p r e s c r i b e d e r r o r . It should be noted that here t ime is 
used as a dummy var iab le - only as a means to determine the s teady-s ta te 
quanti t ies . 

The t rans ien t analys is consis ts of three main pa r t s : (l) enthalpy 
calculat ions, (2) mass -ve loc i ty calculat ions, and (3) p r e s s u r e calculat ions. 
The state p rope r t i e s (h, p, and p) a r e calculated at t ime t + At from the 
initial spat ial dis tr ibut ion of these p rope r t i e s , calculated for the steady 
state, and the value of m a s s velocity G at t ime t. These proper t ies a re 
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then held constant during the calculation of m a s s velocity. If the sys tem 
density dis tr ibut ion is known at t ime t + At, the m a s s velocity is calculated 
at t ime t + At. After this calculation, the m a s s velocity is examined for 
convergence. If the m a s s velocity has converged, another step inc rease in 
heat input is made and the calculations repeated. This procedure is con
tinued until the m a s s velocity fails to converge or a specified heat input 
has been reached. 

Following the procedure outlined by Nahavandi, w l/) the energy and 
t r anspor t equations a r e used to calculate the average and exit coolant 
enthalpies for each segment, respect ively, at t ime t + At as a function of 
quantit ies at t ime t. The energy equation, Eq. (ill-3), when expressed in 
finite-difference form and solved for the average enthalpy of the fluid in 
the increment at t ime t + At, is as follows: 

At 
hn(j + 1) = hn(j) + pj^ | (Q/A)n(j) 

, G(j) 
Az 

n 
hn,i(j) m,e (j) . (Ill-13) 

The energy equation for the adiabatic sections of the loop, in finite-
difference form, can be simply derived from Eq. (ill-13) by neglecting the 
heat addition t e rm: 

h„(j + l) = hn(j) + ^ ) { | ^ [V,iO) - V.O)]} (III-14) 

For the purpose of developing the t r anspor t equations, it is assumed 
that the enthalpy dis tr ibut ion along the flow path in each segment is l inear . 
For any increment , one may wri te 

Mt) = 7 [hn,i( t-7T) +hn^^(t + i-T)] (III- 15) 

where 

T = p ^ A z ^ G (III-16) 

Expansion of the above equation in Taylor Ser ies , neglect of the second-
order t e r m s , and putting the resu l t in finite-difference form yields 

hn,e(j + l) = hn,e(j) + ^ [ ^ M j ) - hn,e(j) " hn,i(j)] + M j + l) " M j ) ; 

hn,e(j + l) = hn+i,i(j + l) (III-17) 
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To obtain the m a s s velocity at t ime t + At, the momentum equa
tion, Eq. (ill-5), is wri t ten in finite-difference form as follows: 

fir At 
G(j + 1) = G(j) + ^ [Ap(j + 1) - F(j)] . (Ill-18) 

Functions descr ibing wall-fr ict ion observat ions in s teady-s ta te 
p r e s s u r e - d r o p exper iments a r e supplied by means of empir ica l equations: 

|G(j)|G(j) 
F(j) = N(j) ' i ( . ) + N, . (Ill-19) 

The p r e s s u r e at t ime t + At is obtained by assuming a constant 
volume and m a s s sys tem exis ts . The inc rease in specific volume of the 
fluid at t ime (j + l) is used to compute the p r e s s u r e at (j + l) . An approxi
mate modulus of e las t ic i ty is used to calculate the p r e s s u r e change. 



CHAPTER IV 

EXPERIMENTAL APPARATUS 

A tes t appara tus was constructed to investigate the instabili ty 
cha rac t e r i s t i c s of a na tu ra l -c i rcu la t ion loop operating near the t h e r m o 
dynamic c r i t i ca l point of the sys tem fluid. The loop geometry was pat
terned after that of Schmidt, Ecker t , and GrigullV^'^) and of Holman and 
Boggs.v-'^"'' The main c r i t e r ion of the design was that the flow passage be 
as smooth and free of obstruct ions as possible . 

Two loops were constructed with the major difference between the 
two being 5.33 ft of ve r t i ca l height to provide a higher flow ra te and to 
provide increased volume to reduce the sever i ty of the p r e s s u r e su rges . 

The exper imenta l data requi red were t ime h i s to r ies of m a s s ve loc
ity and of density var ia t ions around the loop. To this end, ins t rumentat ion 
was provided to obtain data from which the m a s s velocity and density 
could be calculated. In addition, the wall t empe ra tu r e s of the tes t section 
were m e a s u r e d to furnish data for calculat ions of the hea t - t r ans fe r 
coefficient. 

The tes t apparatus (see F igs . 4-8) consisted of a closed, constant-
a r e a c i rcu la tory sys tem made of s ta in less s tee l type 304, commerc ia l ly 
drawn tubing, with an inside d iameter of 0.93 in. and a 0.035-in. wall 
th ickness . The oval shape was chosen to avoid sharp bends which would 
inc rease the momentum p r e s s u r e head loss and thus reduce the m a s s flow 
ra t e . The flow path length, measu red along the pipe axis , was 28 ft for 
the sma l l loop, designated as Loop No. 1, and 38 ft for Loop No. 2. The 
two volumes , exclusive of assoc ia ted tubing, were 0.129 and 0.180 ft . 
The heating power was supplied by a 70-kva Sciaky Ignitron Contactor 
whose output voltage could be var ied from ze ro to 45 v continuously. The 
e lec t r ic power was dissipated in the tes t section, which acted as a r e 
s is tance element and which was cooled by the flow of the tes t liquid in 
na tura l c i rculat ion. Heat r emova l was provided for by a concentr ic- tube 
cooler through which tap water flowed. 

Component Descr ipt ion 

An assembly drawing of the heating section is shown in Fig. 9. 
Copper blocks were s i lver soldered to the ends and connected to the out
put of the Sciaky power supply. E lec t r i ca l insulation from the r e s t of the 
loop was provided by Durabla gaskets and w a s h e r s . 
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Fig. 9. Assembly Drawing of Test Section 

To protec t personnel and the tes t section, seve ra l automatic safety 
features were included in the appara tus : 

(1) o v e r p r e s s u r e protect ion by means of a rupture disc; 

(2) shutdown of e lec t r i ca l power if the sys tem p r e s s u r e exceeds 
a p re se t p r e s s u r e ; 

(3) burnout detector . 

Rupture-disc b reaks and e lec t r ica l -power shutdown by the p r e s s u r e cutout 
switch were encountered seve ra l t imes in the exper imental p rogram. 
Burnout detection was based on visual observation of the tes t - sec t ion tem
pe ra tu re s on two potent iometr ic- type t empera tu re indicators . Although 
the response t ime of the indicators was slow, the heat fluxes were low 
enough that manual reduction of power was sufficiently fast to prevent over
heating the heater tube when burnout conditions were encountered. 

The 5-ft-long cooling jacket was welded to the tube (see Fig. lO). 
No allowance was made for the uneven the rmal expansion between the 
jacket and the tube. Cooling was with tap water . The inlet and outlet t em
p e r a t u r e s and the volumetr ic ra te of flow of the cooling water flowing 
through the heat exchanger was measu red to provide data for a heat-
balance check on the energy input to the system. The t empera tu res were 
measu red with ch romel -a lumel thernnocouple probes placed in the water 
l ines . The volumetr ic flow ra te was measured with a cal ibrated Flowrator . 
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Two Flowra tors with ranges of 0 to 0.6 and of 0 to 10.0 gpm were connected 
in pa ra l l e l on the wa te r - in le t line to m e a s u r e the volume ra te of water 
flow. Inlet water flow was to have been controlled by an a i r -ac tua ted valve 
slaved to a thermocouple signal originating at the inlet to the tes t section, 
but operating experience led to manual control . The cooling capacity of 
the cooler was found to be excess ive under some operating conditions and 
insufficient for o thers . This effect will be explained in more detail in 
Chapter V. 

2" SCHEDULE W 
TYPE 304 SST 

1" PIPE COUPLING 

Fig. 10. Heat Exchanger Detail 

All Freon-114 bulk t empe ra tu r e s were measured with bare 
30-gauge ch romel -a lumel thermocouple probes in the fluid s t ream. The 
probes were positioned perpendicular ly to the tube axis, with the tip at 
the tube center l ine . This positioning was accomplished by using a Swage-
lock union in which a 1/8 NPT x 3/16 Swagelock male connector had been 
arc-welded on one of the flats of the hex body (see Fig. l l ) . The inlet 
thermocouples for the tes t section and cooler were placed immediately 

PRESSURE TAP 

BARE 30 (JAUGE CHROMEL-ALUMEL THERMOCOUPLE 

r SWAGE LOCK FITTING 

112-2327 

Fig. 11. Bulk Thermocouple and Static P r e s s u r e Tap Installation Details 



ups t r eam of these components. The outlet thermocouples were placed ap
proximate ly 20 d iamete r s from the exit. This placement a s su red that the 
t e m p e r a t u r e s were measu red at points where the velocity and t empera tu re 
profi les were constant, or near ly so, a c r o s s the tube. 

All bulk t empera tu re thermocouples were cal ibrated ina hypsomete r -
type appara tus . In this appara tus , the p r e s s u r e could be var ied from 0 to 
2500 psig, giving a continuous range of cal ibrat ion t empera tu re s to 660°F. 
The thermocouples used in this exper iment were cal ibrated in the range 
from 200 to 500°F. No significant deviation of the thermocouple emf from 
the tables of the manufacturer were noted; hence, the tabulated values of 
emf v e r s u s t empera tu re were used. 

A Minneapolis-Honeywell "Vis icorder" continuously recorded the 
thermocouple emf ' s . The dc signal from the thermocouple was amplified 
one thousand t imes by a t r ans i s to r amplif ier before recording. It was not 
possible to detect t empe ra tu r e fluctuations of less than about 1°F because 
for smal l signal fluctuations the pickup noise level was comparable to the 
signal. The thermocouples had good frequency response , the t ime constant 
being about 8 to 20 m s . The t ime constant was deduced by comparing the 
30-gauge b a r e - w i r e thermocouples with 28-gauge b a r e - w i r e thermocouples 
which had been tes ted for response and which were found to be in this 
range (see Ref. 15). 

Outside surface t e m p e r a t u r e s of the hea te r section were measu red 
with ch rome l - a lume l thermocouples d ischarge welded to the outside of the 
section. All wall thermocouples were wrapped two turns around the tube, 
to min imize any conduction e r r o r s , and secured in place by wrapping with 
g lass tape. 

Severa l thermocouples were inser ted in the insulation surrounding 
the loop to check the heat loss to the environment. This knowledge about 
the tes t section was of par t i cu la r impor tance in o rder to c o r r e c t energy 
input to the sys tem fluid. 

Energy Input 

The energy input to the tes t section was m e a s u r e d with a prec is ion 
Weston por table wat tmeter with a range of 0-500 w and an accuracy of 
0.25 per cent of full scale . As a check of the values obtained, the heat 
generat ion was also de termined by the product of the voltage E a c r o s s 
the tes t section and the cu r r en t through it. The cu r r en t was reduced with 
a cu r r en t t r a n s f o r m e r with ra t ios of 5:2000 and 5:4000 and read on a ca l i 
bra ted a m m e t e r . Voltage drop along the tes t section was measu red with a 
Weston por table vol tmeter with a range of 0-30/75 v and an accuracy of 
0.25 per cent of full scale . 



35 

The heat flux density of the tes t section is only a function of the 
total r e s i s t ance and the hea t - t r ans fe r a r e a An, and is shown by the follow
ing equations: 

O/A = _ L - ^ 1 Btu 
/ ^ ~ A H R1 1.054 kw-sec ' 

R^ = P L / A . (IV-1) 

Flow Measurement 

To obtain indication of t r ans ien t flow, a Po t t e rme te r was originally 
installed in the loop. The P o t t e r m e t e r is a volumetr ic f low-measuring 
t ransducer with a digital e l ec t r i ca l signal output whose frequency (cps) is 
d i rect ly propor t ional to flow ra t e . Each pulse r ep re sen t s a d i sc re te 
volume for flow totalization. This method of flow measuremen t was found 
to be unsat isfactory because the P o t t e r m e t e r rotor would become stuck 
after a few hours of operation. Inspection of the Po t t e rme te r upon r e 
moval from the loop revealed no significant deposits or corros ion. Two 
P o t t e r m e t e r s were t r ied before abandoning this method of flow measuremen t . 

Since a ventur i can be used to m e a s u r e flows with a high degree of 
accuracy and its accuracy is not affected to as large a degree by c o r r o 
sion or deposits as some of the other m e t e r s , this type of equipment was 
used as the f low-measur ing device. The ventur i was chosen over the 
mechanical ly s impler thin-plate orifice because of its higher p r e s s u r e 
recovery . The flow ra te in the loop could vary over wide l imits , and, 
hence, the ventur i was sized to obtain p r e s s u r e drops of reasonable mag
nitudes at the expected high and low flow r a t e s . The venturi was designed 
according to the pr inciples set forth in Ref. (48). The details of the design 
a r e shown in Fig. 12. 

The flow p r e s s u r e drop in the ventur i was measured by two methods: 
(l) a manomete r containing a fluid of 2.95 specific gravity was used for 
s teady-s ta te runs , and (2) a differential p r e s s u r e t ransducer Stathan 
Model PM 80 TC, 0-5 psig was used for the t rans ient runs . The signal 
from the t r ansduce r , connected by shor t lines to the p r e s s u r e taps, was 
recorded by the Vis icorder . This a r r angemen t gave rapid response to a 
change in the flow ra te as made evident by the change in the p r e s s u r e drop. 
The accuracy of the differential p r e s s u r e t ransducer was 0.25 per cent 
full scale . Nonlinear ity and h y s t e r e s i s were less than 0.1 per cent. 

System p r e s s u r e s at four points (see Fig. 4) in the sys tem could 
be m e a s u r e d by means of p r e s s u r e t r a n s d u c e r s or by a Heise bourdon 
tube p r e s s u r e gauge. Connection to the sys tem was by means of a 
1/8 NPT x 1/4-in. Swagelock male connector a rc-welded to the Swagelock 
union (see Fig. l l ) . The p r e s s u r e t r a n s d u c e r s were used for the t rans ien t 



m e a s u r e m e n t s while the gauges were used for s teady-s ta te operation. The 
Heise gauges had a cal ibrated accuracy of 0.1 per cent of the ful l-scale 
reading. All p r e s s u r e tap lines were cooled in a counterflow water cooler 
to insure that the ins t rument lines were always full of liquid and that the 
t empera tu re l imit of 250°F of the fluid in contact with the t r ansduce r s was 
not exceeded. The accuracy of the absolute p r e s s u r e t ransducer was 
0.25 per cent full scale . Nonlinearity and hys te re s i s were less than 
0.1 per cent. 

DIMENSIONS IN INCHES 
OVERALL LENGTH !!.« 

Fig. 12. Venturi Detail 

The accuracy of the amplifying and recording inst rument was suf
ficient to introduce no appreciable e r r o r in the recorded quantit ies. 

Before beginning a s e r i e s of runs , the bucking vol tage-amplif ier 
r eco rde r combination was checked by introducing a cal ibrated signal in 
place of the usual signal. Any var ia t ion of the recorded signal with r e 
spect to the input signal was cor rec ted by adjusting the gain in the ampl i 
fier. In this manner the per formance of the recording unit could be checked 
and adjusted. 

It was possible to r a i s e the sys tem p r e s s u r e by two methods: 
(l) heating the constant-volume sys tem, or (2) use of a ni t rogen bag a c 
cumulator . The method of ra is ing the p r e s s u r e during warmup is discussed 



m Chapter V. A p re s su r i z ing sys tem was included to insure that the loop 
was always filled completely with liquid before the s t a r t of heating and to 
make control of the sys tem p r e s s u r e eas i e r . 

The accumulator was also intended to damp fluctuations in the sys 
tem p r e s s u r e and absorb the volumetr ic expansion of the F reon as the 
t empera tu re was ra i sed . Without the automatic p r e s s u r e control effected 
with the hydraulic accumulator , continual bleeding of the systenn charge 
was n e c e s s a r y to keep a given p r e s s u r e in the system. Also, the heat 
input and remova l r a t e s had to be control led much more closely. The 
hydraulic accumulator was a Greer Z-j -ga l balloon type with ni trogen on 
the gas side. The tes t fluid entered the s tee l tank and collapsed the gas 
bag when the p r e s s u r e increased , while the gas bag expanded and pushed 
the tes t fluid into the sys tem when the sys tem p r e s s u r e decreased . 

Three ni t rogen bottles were connected in pa ra l l e l with the gas - s ide 
volume to reduce the p r e s s u r e r i s e in the gas side because of the liquid 
expansion on the liquid side. To min imize the liquid expansion, the sys tem 
was filled with just enough liquid to allow p re s surizat ion. This was accom
plished by filling the sys tem with some a r b i t r a r y amount of fluid and then 
checking to see if the sys tem would p r e s s u r i z e . If it would, then fluid was 
bled from the sys tem until the p r e s s u r e began to fall. At this point, the 
sys tem contained the min imum amount of liquid which would allow p r e s -
surizat ion. To insure that the t e m p e r a t u r e of the liquid in the accumulator 
did not exceed the operat ing t empe ra tu r e of 250°F, the line from the loop 
to the accumulator was run through a water cooler. 



CHAPTER V 

EXPERIMENTAL PROCEDURE 

Before beginning the exper imenta l work, the loop was hydrosta t ical ly 
tes ted at 1000 psi and checked for leaks . When all leaks were stopped, the 
sys tem, which had been cleaned with t r ichloroethane solvent during assembly 
w^as evacuated to remove the a i r . 

The loop and associa ted tubing was then filled by boiling the F reon -
114 into the loop. This was accomplished by adding heat to the Freon-114 
container with wrap-around r e s i s t ance hea t e r s and infrared heating lamps, 
thus ra i s ing the t empera tu re and p r e s s u r e of the combined loop and 
Freon-114-supp ly cylinder sys tem (see Fig . 5). Heat was added until the 
t e m p e r a t u r e of the Freon-114 in the container was at the saturat ion t e m 
p e r a t u r e corresponding to the p r e s s u r e in the cylinder and loop. At the 
same t ime , cooling water was passed through the cooler in the loop, so that 
the Freon-114 dist i l led into the loop condensed to the liquid s ta te . After the 
loop was filled, the sys tem p r e s s u r e was r a i sed with the accumulator , and 
all manomete r and t r a n s d u c e r s lines were bled to remove any a i r which 
might st i l l be in the sys tem. 

To de te rmine the charge of the sys tem (pounds m a s s of Freon-114 
in the constant-volume system) use was made of the thermodynamic tables 
for F reon-114 . After a pa r t i a l filling or bleeding of the sys tem, it was nec 
e s s a r y to m e a s u r e the p r e s s u r e and t empe ra tu r e of the sys tem in a phase 
region in which the p r e s s u r e and t e m p e r a t u r e a r e independent the rmody
namic coord ina tes . With these two coordinates , the specific volume could 
be obtained from the t ab les . Then, since the total volume of the sys tem 
was known, the charge could be calculated from the equation 

_ Volume of sys tem, ft'̂  
^^^^ Specific Volume, f tyib^^ 

In an exper imenta l loop, such as Schmidt 's ,(37) in which al l the heating was 
in the two-phase region where p r e s s u r e and t empe ra tu r e a r e dependent co
ord ina tes , it was n e c e s s a r y to weigh the fluid as the loop was filled to ob
tain the sys tem cha rge . 

Three p rocedures could be used to s t a r t the loop in operat ion from 
normal room t e m p e r a t u r e s . The choice of s tar tup procedure depended on 
the c i r cums tances of a pa r t i cu la r t e s t . These p rocedures were : 

(1) Charge the sys tem with a m a s s of fluid which upon heating 
would expand to the c r i t i ca l volume at the c r i t i ca l p r e s s u r e and t e m p e r a 
t u r e . Since the c r i t i ca l volume is approximately one- thi rd the liquid 
saturat ion volume for most fluids at o rd inary room t e m p e r a t u r e s and 
p r e s s u r e s , it would be n e c e s s a r y to fill the sys tem about one- th i rd full in 



order to r each the c r i t i ca l point. The heating p rocess can be followed on 
the T-S d iagram as a constant-volume l ine. This was the procedure used 
by Schmidt, Ecker t , and Grigull.(37) Jn this case , mild heating r a t e s only 
can be applied until the sys tem reaches the operating t empera tu re and 
p r e s s u r e r ange . In this method of heating, the fluid is ent i rely in the two-
phase or superheated reg ions . The f i rs t and only attempt in this exper i 
menta l p r o g r a m at s tar t ing operat ion of the loop by this method resul ted 
in a rupture of the tes t section due to overheat ing. 

(2) Fi l l the system completely with fluid. To obtain a des i red 
p r e s s u r e , bleed par t of the fluid back into the supply tank as the fluid ex
pands upon heating. This method allows heating to the cr i t ica l t empera tu re 
along the sa tura ted liquid l ine . Above the c r i t i ca l t empera tu re , the heating 
continues in the superc r i t i ca l region. An al ternat ive to par t ia l ly bleeding 
off the sys tem charge would be to adjust heat input or heat removal in o rder 
to bring the sys tem to the des i r ed operating point. This was the procedure 
used by Holman and Boggs.(19) 

(3) F i l l the sys tem completely with fluid by p res su r i z ing with an 
accumulator to the des i red operating p r e s s u r e . As the fluid is heated, it 
expands into the accumulator , which holds the sys tem p r e s s u r e constant. 
This was the main p rocedure used in this investigation. A var ia t ion of this 
procedure is to p r e s s u r i z e by means of an external pump or accumulator , 
then close the connecting valve. The init ial p r e s s u r e setting is maintained 
by balancing the heating and cooling r a t e s , and by par t ia l bleeding of the 
sys tem charge . This was the p rocedure used by Van Putte and Grosh.(38) 

It is known from exper imenta l work that, as the c r i t i ca l region is 
approached, a la rge dec rea se in density at a constant p r e s s u r e is encoun
t e red . A la rge density d e c r e a s e (specific volume increase) in a constant-
volume sys tem will resu l t in a large p r e s s u r e i n c r e a s e . To prevent the 
p r e s s u r e i nc r ea se , it is n e c e s s a r y to reduce the m a s s of the system or to 
provide additional volume for the expansion. F r o m pre l iminary operating 
exper ience it was found that in the c r i t i ca l region it was difficult to manip
ulate the controls fast enough to prevent the development of a la rge p r e s 
sure su rge . It was then decided to use an accumulator p res su r i z ing sys tem 
with a la rge surge chamber on the ni t rogen side of the accumulator . It was 
assumed that the addition of the accumulator would not affect the loop oper 
ation except to reduce the p r e s s u r e changes encountered in the c r i t i ca l 
region. 

The p r e s s u r i z e r sys tem was connected to the loop through -g-in. 
tubing for Loop No. 1. This was found to be unsat isfactory because of the 
t ime delay due to the r e s t r i c t ed fluid flow in the smal l line during a p r e s 
sure t rans ien t ; this prevented the accumulator from functioning effectively 
except for very slow t r a n s i e n t s . In the second loop, the p r e s s u r i z e r was 
connected to the loop through "I-in. tubing, which allowed a much fas ter 



response of the accumula tor . Even this a r rangement proved ineffective in 
damping the high-frequency p r e s s u r e osci l la t ions , although it functioned 
much more effectively than the f i r s t a r rangement for p r e s s u r e surges of 
lower frequency. 

Addition of the p r e s s u r i z e r sys tem made three methods available 
to maintain the sys tem at a constant p r e s s u r e . (1) Freon-114 could be bled 
from the sys tem back to the supply r e s e r v o i r (but not added); (2) it was 
possible to inject or remove fluid from the circulat ing sys tem with the 
p r e s s u r i z e r sys tem by ra is ing or lowering the ni trogen p r e s s u r e in the a c 
cumulator bag; and (3) heat input exactly balanced against heat removal . 
Changes in sys tem p r e s s u r e could be effected by any of the th ree methods; 
however, the second method was p r i m a r i l y used. 

Operation of the loop was begun by p res su r i z ing the sys tem to the 
des i red operat ing p r e s s u r e . A low ra te of heating power was applied to 
the tes t section to s t a r t the fluid flowing. Cooling water flow was not 
turned on until the fluid in the loop had been heated to near the operat ing 
t e m p e r a t u r e . After approximately 5 min of heating at 1 - 2 kw, the power 
would be inc reased by 2-kw inc remen t s to the des i red operat ing power. 

With the accumulator in the sys tem to absorb the volume inc rease 
due to heating, the sys tem essent ia l ly operated at a constant p r e s s u r e ex
cept for smal l fluctuations about the mean . This left only two var iab les to 
vary in running the tes t p r o g r a m : the sys tem p r e s s u r e , and the heat added 
or removed. Therefore , a s e r i e s of runs could be made at a constant p r e s 
sure with var iab le heat input, or a constant heat input could be maintained 
and the p r e s s u r e var ied . The th i rd controll ing var iable was the regulation 
of the inlet t e m p e r a t u r e by controll ing the cooling water flow r a t e . This 
was the p r i m a r y method of controll ing the inlet t empe ra tu r e once the 
p r e s s u r e and heat input were set . 

Visual observat ion of the recorded fluid t e m p e r a t u r e , p r e s s u r e drop 
a c r o s s the ventur i , and sys tem p r e s s u r e w^as maintained. This capability 
was a very important factor in this tes t p r o g r a m . Since the c o m p r e s s e d -
liquid region was the main thermodynamic region of in te res t in this invest i 
gation, a knowledge of t e m p e r a t u r e and p r e s s u r e gave the thermodynamic 
state of the sys tem at all t i m e s . This knowledge of the thermodynamic 
state of the fluid at var ious points in the loop made much eas i e r the manip
ulation of the sys tem p r e s s u r e and heating ra te to obtain a given t h e r m o 
dynamic s ta te . 

Since the purposes of the exper imenta l p rog ram were to define the 
region in which the p r e s s u r e and flow fluctuations occur red and to find the 
cause , the tes t p r o g r a m was of an explora tory na tu re . Considerable latitude 
was poss ible in running the tes t p r o g r a m since the var iab les which defined 
the thermodynamic state of the sys tem and the flow m e a s u r e m e n t s were 
being continuously recorded and thus could be rechecked at any t i m e . 



Initial explora tory runs revealed the unstable condition to be 
strongly dependent upon the inlet and outlet t empera tu re s of the fluid in 
the hea te r section at a constant power input; that i s , the fluctuations could 
be associa ted with the thermodynamic state of the sys tem fluid. The tes t 
p r o g r a m was then concentrated on finding a functional re la t ionship. 

As the fluid was heated to the c r i t i ca l region, a rapid fluctuation 
in flow and p r e s s u r e would be encountered. The frequency of these 
fluctuations, in the range from 10 to 20 cps , were essent ia l ly independent 
of the heating r a t e . The magnitude of the fluctuations depended to some 
extent on the heating r a t e : a higher heating ra te resul ted in l a rge r fluctu
at ions. At p r e s s u r e s from the c r i t i ca l to about 40 psi above cr i t ica l , the 
fluctuations were encountered when the exit t empera tu re of the fluid in 
the tes t section ranged from 280 to 285°F, t e m p e r a t u r e s 10-15°F below the 
c r i t i ca l t e m p e r a t u r e , 294.26°F. Hence, the phenomena could not be at
tr ibuted to the c r i t i ca l point but r a the r to a c r i t i ca l region. 

Fluctuations encountered when heating from below cr i t i ca l t e m p e r 
a tures at a constant sys tem p r e s s u r e could be decreased or eliminated by 
lowering the sys tem p r e s s u r e . Thus, the fluctuations depended on the s y s 
tem p r e s s u r e as well as the t empera tu re of the fluid. 

The fact that fluctuations w^ere encountered at t e m p e r a t u r e s below 
the c r i t i ca l t e m p e r a t u r e p resen ted a problem in getting to the c r i t i ca l t em
p e r a t u r e . In one p rocedure , heat was added at low power inputs (to p r o 
vide sma l l e r magnitude of fluctuations) while the cooling water was off to 
bring the sys tem t e m p e r a t u r e to near the c r i t i ca l t empera tu re ; this method 
would take as long as one hour to reach the c r i t i ca l condition. In the s e c 
ond method, heat was added rapidly during t rans i t ion through this region 
of instabil i ty, by leaving the cooling water off and using high power inputs 
to r a i se the sys tem t e m p e r a t u r e rapidly. Once the fluid was heated to the 
point that the c r i t i ca l t empe ra tu r e was reached somewhere along the heated 
section, the loop operated stably. The m a s s velocity w^ould be considerably 
higher . 

It was thus de te rmined that two regions of stable operat ion could be 
defined. One region was defined when the outlet t empera tu re of the hea ter 
section was below a cer ta in t empe ra tu r e range, which will be called the 
t rans i t ion t empe ra tu r e range; the t rans i t ion t empera tu re range depended 
on the sys tem p r e s s u r e . The other region was defined when the inlet t e m 
pe ra tu r e to the tes t section was above the t rans i t ion t empera tu re range . 

Once the fluid t e m p e r a t u r e had been heated past the t rans i t ion t e m 
pe ra tu re region and the loop was operat ing stably, flow of cooling water 
could be inc reased to reduce the inlet t empe ra tu r e and precipi ta te another 
mode of unstable operat ion. This t ime the fluctuations would be in the f re 
quency range of 0.1 to 0.5 cps, and were analogous to the "coffee percola tor 



effect" observed in two-phase s y s t e m s . Fur the r lowering of the inlet t e m 
pe ra tu re would resu l t in the t rans i t ion back to fluctuations of higher 
frequency. 

When operating in the n e a r - c r i t i c a l region at low power inputs, 
it was found that under cer ta in conditions the wall t empera tu re of the tes t 
section would d e c r e a s e by about 50°F, indicating some improvement in 
the hea t - t r ans fe r coefficient. This condition usually occur red when the 
inlet t e m p e r a t u r e of the sys tem fluid was such that further inc rease in 
the inlet t e m p e r a t u r e resu l ted in an increased flow r a t e . Likewise, a de 
c r e a s e in the inlet t e m p e r a t u r e with the resul tant dec rea se in flow ra te 
resul ted in a r i s e of the t e s t - s ec t ion wall t e m p e r a t u r e . 

A few explora tory runs were made at subcr i t ica l p r e s s u r e s in which 
the fluid entered the tes t section as a compressed liquid and left in a super 
heated s ta te . With the sma l l e r loop. Loop No. 1, this mode of operat ion r e 
sulted in la rge p r e s s u r e and flow fluctuations of the percola tor type. By 
decreas ing the flow of cooling water , the fluid could be made to pass to the 
superheated region ent i re ly . Runs in this region were quite s table , but 
much higher wall t e m p e r a t u r e s were encountered as would be expected, 
since in this region the vapor hea t - t r ans fe r coefficient is much lower. 

The problem of cooling the tes t fluid mentioned in Chapter IV will 
now be explained in deta i l . When the fluid t empera tu re was below the 
c r i t i ca l t e m p e r a t u r e , high power inputs (say 14 kw) would not pe rmi t the 
cooler to remove the heat input at the highest possible flow ra te (10 gpm) 
of cooling water . As a consequence, the fluid t empera tu re at the inlet to 
the tes t section would continue to r i s e . In the c r i t i ca l region a flow ra te 
of l e ss than 0.5 gprn was sufficient to maintain a constant inlet t e m p e r a 
tu re at the same 14-kw power input. This wide variat ion in cooling r e 
qui rements l imited the s teady-s ta te tes t p rog ram in the regions of lower 
t e m p e r a t u r e to low power inputs (say 8 kw). 

The possibi l i ty of the spring effect of the accumulator exciting the 
sys tem fluctuations was invest igated by closing the valve connecting the 
accumulator and the loop completely. This closing had no effect on the 
inception of the osc i l la t ions . If the sys tem were oscil lat ing, closing the 
valve had no effect. Hence, it was concluded that the p resence of the 
accumulator in the sys tem did not contribute to the oscil lat ion mechan i sm. 



CHAPTER VI 

EXPERIMENTAL RESULTS AND DISCUSSION 

The exper imenta l p rog ram was devised to investigate the operation 
of a na tura l -c i rcu la t ion loop in the n e a r - c r i t i c a l region to determine where 
and why p r e s s u r e and flow fluctuations had been encountered in s imi lar 
loops as repor ted in the l i t e r a tu re . To this end, measuremen t s of t rans ient 
t empera tu re , p r e s s u r e , and flow were made . A summary and discussion of 
the resu l t s a r e presented in this chapter . 

It was d iscussed in the preceding chapter that the occurrence and 
severi ty of the fluctuations noted seemed to be strongly dependent upon the 
thermodynamic state of the fluid in the loop. In order to define this t h e r m o 
dynamic s ta te , the products of density and enthalpy along various i sobars 
were plotted ve r sus t empera tu re (see Fig. 13). The st imulus for this plot 
came from the fact that when the energy equation is wri t ten for a control 
volume and the approximation that the enthalpy is equal to the internal 
energy is made , the density and enthalpy appear as a product, i .e. , 

(Gh)inlet " (Gh)exit " Q A = (Az) jr (ph) . 
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Fig. 13. Density-Enthalpy Product for Freon-114 along an Isobar 
as a Function of Tempera tu re . ( P r e s s u r e s in Ibf/in?). 



It is seen from Fig. 13 that the product of density and enthalpy has 
maximum values that shift with higher p r e s s u r e s to higher t empera tu re s . 
It was noticed from the exper imenta l resu l t s that the flow oscil lat ions were 
mos t severe in the thermodynamic region in which the dens ity-enthalpy 
product passed through its maximum value. In this region, as little as 1—kw 
was neces sa ry to maintain a sustained flow oscillation. Approach of the 
maximum value from the left or low- tempera ture side resu l ted in flow and 
p r e s su re osci l lat ions in the 10-20 cps range; approach from the r ight or 
h igh- tempera ture side resu l ted in flow and p r e s s u r e oscil lations in the 
range from 0.1 to 0.2 cps. Since experimental resu l t s indicated that the 
oscil lat ions were dependent on system tempera ture and p r e s s u r e , the oc
cur rence of sustained flow oscil lat ions in the region of the maximum in 
the (ph) product was another indication that the cause of the sustained flow 
oscil lat ion was strongly dependent upon these thermodynamic va r iab les . 

The significance of the ph product as a function of T or h is that 
it is a m e a s u r e of the volume expansion of the fluid with heat addition. 
A change in the slope of the product signifies a different ra te of volume 
expansion with heat addition, which, when introduced into the momenttim 
equation, r equ i r e s increased or decreased flows. 

A s teady-s ta te flow requ i re s that the driving head remain constant 
with t ime. As the ph slope changes a condition is introduced in which the 
driving head mus t change with t ime. Hence, a sustained flow oscillation 
resu l t s if the condition which forces the change in driving head can be r e 
produced with t ime. 

The dens ity-enthalpy 
product is a thermodynamic 
function of the fluid that can 
be determined if two indepen
dent thermodynamic proper t ies 
a re known. In this case , t em
pera ture and p r e s s u r e a re 
known. A change in the slope 
of the ph product ve r sus T or 
h indicates a change in the 
rate of change of one of the 
quantities with respec t to the 
other; that is , if p is plotted 
against h, there is a change 
in the slope of this curve at 
the point where the change in 
slope of ph occur red (see 
Fig. 14). 

The occurrence of 
the maximum in ph ve r sus 

ENTHALPY, Btu/Ibm 

Fig. 14. I sobars of Dens i ty-Enthalpy for 
Freon-114. 



T cor responds to a change in slope of p v e r s u s h and hence to a change in 
dp /dh . It is seen from Eq. (III-12) that an increase in d p / d h would resu l t 
in a g rea te r change in the local m a s s velocity during a t rans ient . This will 
cause a change in the average m a s s velocity in the loop, followed by further 
changes in the local densi t ies throughout the sys tem, since the time ra te of 
change of density depends on the m a s s velocity in addition to the heat input. 

The physical manifestat ion of the fluid under operating conditions 
in which the ph product changes slope is as follows. A positive value for 
d(ph) /dT means that the enthalpy inc rease is g rea te r than the density de 
c r e a s e ; hence, the fluid will be acce le ra t ed smoothly through the heater 
section. A negative value for this slope means that the density increase is 
g rea t e r than the enthalpy inc rease ; hence, the fluid will be acce le ra ted 
more rapidly in the hea te r section than in the previous case . 

However, the re is a point at which the negative slope dec reases to 
a smal l value. This introduces another change in the ra te of acce lera t ion 
of the fluid with the heat addition. 

The problem appears to be one of different ra tes of accelera t ion of 
the fluid with heat addition. In the nth cell , the fluid acce le ra t e s more 
rapidly than in cell n - 1 . This tends to dec rease the flow of fluid into cell 
n - 1 . At the same t ime , the fluid that left the nth cell will t ry to t ravel at 
its exit velocity. In a closed c i rcu la tory sys tem with an a lmost i ncompres 
sible fluid, a t r ans ien t is cer ta in to develop. This is the sequence of events 
shown in Fig. 3(b). 

The osc i l la tory behavior in the n e a r - c r i t i c a l region can be analyzed 
in t e r m s of the var ia t ion of p with h. Under operating conditions in which 
the slope of p v e r s u s h is constant or near ly so, the loop opera tes with no 
var ia t ion in flow ra te other than random fluctuations. Adjustments of the 
operating p a r a m e t e r s such as heat input (heat removal) , system p r e s s u r e , 
and inlet t e m p e r a t u r e , which bring the fluid in the loop to a point where 
further adjustment will r e su l t in a change in slope of p ve r sus h, introduces 
the possibil i ty of an unstable condition. Fur the r adjustment of the sys tem 
p a r a m e t e r s , which r e su l t s in a change of the slope of the p v e r s u s h curve, 
will resu l t in sustained flow osci l la t ions . 

The osci l la t ions become m o r e severe as the heat input is increased 
and will not subside until the fluid state is changed from the region in which 
the change in slope of the p ve r sus h curve occurs ; that i s , to prevent o s 
ci l lat ions, the slope of the curve of p ve r sus h should be as near ly constant 
as possible in the hea ter section, or in the heater and r i s e r in the case of 
two-phase sys t ems . 
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The problem encountered in trying to operate with the system fluid 
at a condition such that a change in the density v e r s u s enthalpy slope occurs 
is the same as that encountered when the heat flux along the length of a 
channel is inc reased from its s teady-s ta te value to some higher value in a 
stepwise manner . The p r e s s u r e immediately begins to r i se along the heater 
tube. This inc rease can be re l ieved by velocity changes, however, only 
around the ent i re loop. Fluid is expelled from the heater section more 
rapidly than at the steady state and is introduced at the inlet at a lower 
r a t e . These d is turbances a r e propagated in their respect ive direct ions to 
the cold leg of the loop, and tend to reinforce and cancel each other at dif
ferent t imes during the subsequent t rans ient . 

F rom examination of Eq. (ill-12) and the physical experimental 
model , an explanation can be obtained for the two different frequencies of 
oscillation. It has been seen that changes in the value of 1/p (dp/dh) lead 
to sustained flow oscil lation. Comparison of theory and experiment leads 
to the conjecture that the portion of the tube in which the magnitude of the 
l / p (dp/dh) mul t ip l ier changes value is important. If this mult ipl ier be 
comes large in the upper portion of the tube, then the m a s s of fluid to be 
expelled from the heater section is smal l and can be acce le ra ted rapidly 
by the buoyant force c rea ted by the heat addition. If this t e r m becomes 
large in the lower portion of the heater tube, then the m a s s of fluid to be 
expelled from the heater section is large and cannot be acce lera ted as 
rapidly. In addition, the e lement of fluid is undergoing further expansion 
as it passes through the hea ter tube. Thus, it seems likely that the f i rs t 
case , in which smal l amounts of fluid a re involved, could be cor rec ted 
quickly, while the second case would take longer. 

The density and enthalpy 
changes of a fluid in the nea r -
cr i t ica l region a re l a rge r with 
t empera ture and p r e s s u r e than the 
changes encountered at lower 
p r e s s u r e s and t empera tu res (see 
Appendix B). In a na tu ra l -
circulat ion loop in which the flow 
rate is dependent on the heat input 
and the consequent density change, 
the density change with t empera 
ture a s s u m e s a significant role in 
determining the flow ra te . Figure 15 
shows a typical increase in flow 
rate at a constant heat input and 
p r e s s u r e as the fluid t empera ture 
is increased. The data points 
were obtained in s teady-s ta te runs 
at a par t icular inlet t empera tu re . 
The maximum in the curve occurs 
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at an inlet t empera tu re below the c r i t i ca l t empera tu re . The inlet t e m p e r a 
ture to the tes t section at the maximum corresponds to the t empera ture at 
the maximum in the densi ty-enthalpy product. As the inlet t empera tu re is 
increased past the t empera tu re corresponding to the maximum in the ph 
curve, the flow ra te drops sharply as a resu l t of the decrease in the density 
driving head. 

In Fig. 16 is shown the re la t ionship between m a s s flow rate and the 
input power to the hea ter at a constant inlet t empera tu re . The ra te of in
c r e a s e of the m a s s flow ra te dec r ea se s as the input power is increased. 
The explanation for this can be de termined from examination of the densi ty-
t empera tu re curve (see Appendix B). At 515 psia and inlet bulk t empera 
tures in the 285-290°F range, the average inlet density to the test section 
can be approximated by 57 Ibj^/ft^ to within 1 Ib^^/ft^. The outlet density 
from the tes t section will range from 54 to 28 Ih-m/it^ as the power is in
c r ea sed from 4 to 17 kw. The ra te of change of outlet density dec rease s 
sharply at the higher power inputs (higher outlet t empera tu res ) . This 
means that the driving head for flow circulat ion does not increase p ropor 
tionately with the power input; hence, the mass flow curve tends to approach 
an asymptotic value which is de termined by the slope of the densi ty-
t empera tu re curve , i .e . . 
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Fig. 16. Mass Flow Rate as a Function of Power Input 
at a Constant Inlet Tempera ture 

As stated above, the inlet bulk tempera ture to the heater section 
corresponded to the t empera tu re at the maximum of the ph curve at this 
p r e s s u r e . This curve then r ep re sen t s the upper limiting value of the flow 
rate which could be obtained in this loop. 
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Under some conditions, the wall t empera tu re of the tes t section 
increased or dec reased by 50°F, a condition general ly occurr ing in the 
region in which the maximum flow occur red . The wall t empera tu re of the 
tes t section would dec rease as the flow began to inc rease . After the 
maximum flow occur red , the wall t empera tu re would again increase as the 
flow decreased . This la t te r condition would have resul ted in a burnout had 
the heating been continued. However, in o rder to continue the exper imental 
work, the power would be reduced when the maximum in flow had occurred . 

In Fig. 17 is shown what will be t e rmed a power instability. The 
power input to the tes t section was normal ly very steady. In the run to 
which Fig. 17 r e f e r s , the power was varying by about one kw because of 
the large change in tube wall t empera tu re that was occurr ing , result ing in 
changing the e lec t r ica l r e s i s t ance of the tube sufficiently to cause a va r i a 
tion of power output from the power supply. This back-and-for th interplay 
of e lec t r i ca l r e s i s t ance and power resu l ted in the sustained flow and t em
pera tu re osci l lat ions shown. 
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Fig. 17. Power Instability, Loop No. 1, 14 kw, 
480 psia, Oct. 3, 1962 

The initial effect of a p ressur i za t ion is shown in Fig. 18. The 
initial state of the fluid corresponded to the major par t of the fluid in the 
heater tube being to the right of the maximum in the ph curve. The pur
pose of the p ressur i za t ion was to shift the thermodynamic state of the fluid 
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so that the major par t of the fluid in the heater section bracketed the max i 
mum in the ph. value and, hence, the sys tem would tend to be unstable. 
Fur ther p ressur i za t ion would shift the state of the fluid to the left of the 
maximum in the ph curve , and the sys tem would become stable again. As 
can be seen, the loop was operating fairly stably before the beginning of 
p ressur iza t ion . The spread of the venturi p r e s s u r e differential at this 
t ime ref lects the fact that the inlet t empera tu re was a little to the left of 
the maximum in the ph curve. As p ressur iza t ion was begun, the venturi 
p r e s s u r e differential showed an inc rease , because the p r e s s u r i z e r a c 
cumulator was located ups t ream of the ventur i ; thus, the fluid injected be 
cause of the p ressur i za t ion shows at this point. Next, the inlet t empera ture 
to the heater began to fall r a ther rapidly as soon as the m a s s of injected 
fluid reached that point. Note, though, that the outlet t empera ture had b e 
gun to increase with p ressur iza t ion ; this is because of the decrease in the 
heat capacity of the fluid as the p r e s s u r e was increased. The decrease in 
the heat capacity can be seen in the thermodynamic plot of enthalpy ve r sus 
t empera tu re (see Appendix B). The slope of the enthalpy with tempera ture 
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Fig. 18. Effect of P res su r i za t ion , Loop No. 2, 16 kw, Nov. 9, 1962 
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along an isobar is the specific heat. Increasing the p r e s s u r e dec reases 
the slope of the enthalpy isobar ic l ine. The dec rease in m a s s velocity 
following the initial upsurge is due to the change in the volume coefficient 
of expansion as shown by the change in slope with p r e s s u r e of the densi ty-
tempera ture curve. After a few seconds, the loop sett led down to steady 
and sustained flow and p r e s s u r e osci l lat ions which were in the range from 
10 to 20 cps. 

Fur the r inc rease of p r e s s u r e resul ted in the loop beginning to 
settle down to sma l l e r osci l lat ions. This state corresponded to the major 
pa r t of the fluid being on the low- tempera ture side of the (ph) maximum. 
This t rans ient r eco rd shows the sequence of events which was expected. 

It was noticed that when the fluid was in the thermodynamic region 
in which the "coffee percola tor effect" would be found, the perking was 
preceded by smal l -ampl i tude , high-frequency fluctuations pr ior to the 
large flow excursion. Such an event is shown in Fig. 19. The frequency 
of the initial osci l lat ion is 10 cps, roughly 100 t imes that of the percola tor 
frequency. 

\ 

\ 

7 
sot 

Fig. 19. Initial Oscil lat ion Accompanying "Perco la to r Effect," 
Loop No. 2, 14 kw, Nov. 9, 1962 

The loop could be operated at subcri t ical p r e s s u r e s in the subcooled 
or two-phase region. In the subcooled regions the operation of the loop was 
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very stable. When the fluid began to enter the two-phase region, the pe r 
colator effect would occur , provided the heat input was low. This osci l la
tion could be controlled by increas ing the system p re s su re to force the 
liquid back into the subcooled region. 

The t ransi t ion from the subcooled region to the two-phase region 
at modera te to high heat fluxes was accompanied by p r e s su re and flow 
osci l la t ions. Near the saturat ion point, burnout was observed; this would 
have destroyed the heater section had the power input been higher. This 
subcooled burnout was detected by observing the wall t empera ture of the 
test section on a potent iometr ic- type r eco rde r . The sequence of events 
is shown in Fig. 20. This effect has been noted in severa l subcooled burn
out studies [see Ref. (lO)]. 
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Fig. 20. Flow and P r e s s u r e Oscillation Approaching Burnout at Subcritical 
P r e s s u r e s , Loop No. 2, 9 kw, Oct. 23, 1962 

Ear ly in the tes t p rogram it was noticed that sustained flow osc i l la 
tions would begin when all tes t var iables were being held constant. Gen
eral ly, these oscil lat ions would begin as the thermodynamic state of the 
maximum in ph was being approached in a se r i e s of s teady-s ta te steps 
from the low- tempera ture region. It is conjectured that these oscillations 
were t r iggered by a change in the hea t - t r ans fe r coefficient or by the changes 
in G and S h / d z . In mos t ins tances , indicators of the tes t - sec t ion wall t e m 
pera ture did not show a change in t empera ture which would mean an im
provement in the hea t - t r ans fe r coefficient; therefore , the changes in G and 
5 h / S z were considered at the t r igger ing mechanism. 
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It can be seen from the equation which desc r ibes the local change 
in G that for ^ G / ^ z to change, G ^ h / S z y Q/A. Approaching the maximum 
value of ph from the low- tempera tu re side r e su l t s in an increase in G and 
decrease in S h / S z . It is conjectured that the inc rease in G, which is de
pendent on the dec rease in p , is g r ea t e r than the inc rease in Bh/Sz . The 
basis for this conjecture is that the maximum in the curve occurs because 
the dec rease in density becomes l a rge r than the inc rease in enthalpy. If 
the conjecture is t rue , then G inc reases fas ter than d h / ^ z d e c r e a s e s , and 
the product will become g rea t e r than Q/A. This introduces the initial t r a n 
sient. If the ( l / p ) (dp/dh) mul t ip l ier is l a rge , the iner t ia of the s t r eam is 
not damped by the r e s i s t ance to flow in the loop and sustained flow osc i l l a 
tion resul t . 

The r eco rd of a complete sequence of events showing the initial 
heating through the ph maximum and the subsequent cooling back through 
the same maximum is shown in Fig. 21. As was deduced from the equation 
express ing S G / ^ Z as a function of the other va r i ab les , a rapid heating 
through the ph max imum should produce a min imum of sustained flo'w 
osci l la t ions; that i s , in Eq. III-12, as long as Q/A > G S h / ^ z , then ^ G / ^ z 
remains posi t ive, and the fluid continues to acce le ra t e with l ess chance 
for a sign change for S G / ^ Z which will occur if G ^ h / ^ z momentar i ly 
becomes l a rge r than Q/A. This is shown in the left half of the figure. 
Once the thermodynamic condition was reached that ( l / p ) (dp/dh) had 
reached a near ly uniform value (this cor responds to being predominantly 
on one side or the other of the maximum in the ph curve) throughout the 
heater length, the flow oscil lat ions ceased. The flow of cooling water was 
then inc reased to reduce the inlet t empera tu re and hence to t r a v e r s e the 
maximum in the ph curve from right to left. This action shifts the occur 
rence of the la rge ( l / p ) (dp/dh) product to the bottom of the heater s e c 
tion, and the "coffee pe rco la to r " effect is obtained. 

Isolated t r ans ien t s were encountered under some operating condi
t ions, usually during the initial heating of the sys tem. Figure 22 is a r eco rd 
of one such occur rence . An inc rease in sys tem p r e s s u r e of approximately 
20 psi occur red , followed by an inc rease in flow and outlet t e m p e r a t u r e s . 
Note that the inlet t empe ra tu r e continued to inc rease at the same ra te 
until some time after the initiation of the t rans ien t . This t rans ient occur red 
while the sys tem p r e s s u r e and heat addition were being held constant; hence, 
an explanation for the t rans ien t is not readily avai lable. It is conjectured 
that a momenta ry improvement in the hea t - t r ans fe r coefficient changed the 
heat input to the sys tem. F r o m the equation descr ib ing the local increase 
in m a s s velocity, it can be seen that a momenta ry inc rease in the hea t -
t ransfe r coefficient has the same effect as a s tep inc rease in heat input and 
the consequent t rans ien t . Shortly after this t rans ien t , the sys tem reached 
a condition of sustained flow osci l lat ions in the frequency range from 10 
to 20 cps. 
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Fig. 22. Initial Trans ient Encountered in Heating, Loop No. 1, 
5 kw, Oct. 2, 1962 

When operating in the thermodynamic region in which the liquid 
was entering the tes t section in the subcooled state and leaving the test 
section in the two-phase or superheated region, severe p r e s s u r e changes 
were noted with the smal l loop, Loop No. 1. Several t rans ien ts a re shown 
in Fig. 23. The decrease in local density is reflected in the p r e s s u r e r i s e . 
Then follows the change in outlet t empera tu re because of the change in 
specific heat capacity because of the pressur iza t ion . The p r e s s u r e drop 
a c r o s s the venturi , which m e a s u r e s the m a s s velocity, shows a periodic 
maximum value and then an oscillation about the mean, which decays ex
ponentially. Note that the variat ion of inlet t empera tu re was much smal le r 
than that of the outlet. 

This type of t rans ien t was not nearly as severe with Loop No. 2, 
which had the elevation for the driving head increased by 5.33 ft and a 
50 per cent inc rease in volume. The increase in volume helped reduce 
the magnitude of the p r e s s u r e fluctuations. 

Once the fluid had been heated to the condition such that the m i n i 
mum tempera tu re difference a c r o s s the tes t section was attained, a t tempts 
to reduce the inlet t empera tu re to the tes t section resul ted in severe and 
e r r a t i c t rans ien ts in flow and t empera tu re . One procedure to reduce the 
inlet t empera tu re was to inc rease the flow of cooling water by a smal l 
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amount and then wait for the inlet t empera tu re to dec rease . The increased 
flow of cooling water would seemingly have no effect until suddenly the inlet 
t empera ture would drop sharply, by as much as 30°F. No recording of this 
event is shown because of the e r r a t i c nature of the t rans ient . Figure 18 
shows a t rans ien t of somewhat analogous type. 
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Fig. 23. Operation in the Two-Phase Region, Loop No. 
6 kw, Oct. 3, 1962 

1, 

Another procedure to shut the loop down was to reduce the power 
to ze ro . The same type of t rans ient as noted above would be encountered. 

The explanation for the severe t rans ient encountered in a shutdown 
from the cr i t ica l region can be determined from examination of the t e rm 
[ o / S h / S z ) - ( Q / A ) ] . If Q / A is reduced, then for the f i rs t few seconds the 
G(dh/Sz) t e r m is l a rge r , because of the fluid iner t ia , than Q / A which 
makes the bracketed t e r m positive and, hence, S G / S Z negative. This ef
fect, combined with the reduced value of S c / S t because of the reduced 
value of S p / S t with the resul tant dec rease in the driving head t e rm , Ap, 
resul t s in a somewhat severe and e r r a t i c t rans ient when trying to back out 
of the c r i t i ca l region. 

The mos t successful procedure in coming out of the cr i t ica l region 
in t e r m s of the t rans ien t encountered was to p re s su r i ze the sys tem and 
then reduce power. This effect is shown in Fig. 24. The possibili ty of 
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Fig. 24. Shutdown from Supercr i t ica l Conditions, Loop No. 2, 14 kw, Nov. 9, 1962 



encountering a t r ans ien t due to p ressu r i za t ion , such as is shown in Fig. 18, 
existed, but this w^as p r e f e r r e d to the procedure of cooling the inlet t e m 
pera tu re or reducing power promptly. By pressur iz ing , the heat input could 
be maintained. Without p r e s su r i z ing the flow of cooling water had to be 
increased quickly enough so that the tube did not overheat due to the loss of 
na tura l -c i rcu la t ion flow, or the power had to be decreased promptly. In 
Fig. 24 it can be seen that the inlet t empera tu re could be lowered in an 
order ly fashion by increas ing the flow ra te of cooling water . Once the t e m 
pera tu re level of the fluid was below the cr i t ica l region, the power could 
be reduced to ze ro without introducing any unusual t r ans ien t s . 

The percola tor effect could be obtained at superc r i t i ca l p r e s s u r e s 
by adjusting the thermodynamic state of the fluid so that the maximum in 
the ph product occur red in the lower portion of the tube. If the system 
p r e s s u r e were r a i sed while maintaining the same inlet t empe ra tu re , the 
thermodynamic state of the fluid would shift so that now the maximum in 
the ph product occur red in the upper port ion of the tube. Thus, it would 
be expected that the frequency of the vibrat ion would inc rease , since 
sma l l e r amounts of fluid were undergoing the change in ra te of a c c e l e r a 
tion which is the condition for the flow oscil lat ion. 

A r eco rd of the tes t to verify this conjecture is shown in Fig. 25. 
Initially, the loop was perking at a frequency of 0.2 cps , with 10- to 
20-cps osci l lat ions occur r ing at the beginning and end of the large flow 
fluctuation. Increase of the sys tem p r e s s u r e resul ted in inc rease of the 
magnitude and frequency of the flow fluctuations. The magnitude of the 
flow osci l lat ion inc reased by approximately 100 per cent, and the dominant 
frequency inc reased from 0.2 to 10 cps. 

The inc rease in the t empera tu re difference due to the dec rease in 
specific heat capacity is i l lus t ra ted in Fig. 26. In the en tha lpy- tempera ture 
plot (see Appendix B), it can be seen that, with a constant heat input and 
sys tem p r e s s u r e and assuming a constant flow ra te , as the inlet t empera tu re 
to the tes t section is i nc reased the enthalpy change a c r o s s the tes t section 
will be l a rge , then d e c r e a s e , and then become large again as the slope of 
the en tha lpy- tempera ture curve changes along an i sobar . In Fig. 26 is 
shown a t r ace of this occu r r ence . The init ial condition was such that the 
minimum enthalpy change a c r o s s the tes t section was in effect. Increase 
of the inlet t empe ra tu r e r esu l t ed in the divergence of the inlet and outlet 
t e m p e r a t u r e s as the specific heat capacity of the fluid decreased . The 
inc rease in t empera tu re difference was acce le ra ted by the dec rease in 
fluid flow because of the reduced driving head t e r m , that i s , the dec rease 
in the volume coefficient of expansion. 
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Fig. 25. Effect of P r e s s u r e Increase on Magnitude and Frequency, 
Loop No. 2, 14 kw, Nov. 9, 1962 
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In this tes t p rog ram approximately 3000 ft of recordings were made 
over a 3-month per iod. The preceding figures i l lus t ra te some of the more 
significant events which occur red . It is a lso worthwhile to note that the 
mos t significant runs were made after it was real ized that the maximum in 
the densi ty-enthalpy product was the dividing line between the two modes 
of oscil lat ion. The major i ty of these f igures a re the resu l t s of t e s t s which 
were formulated to prove or disprove the significance of this maximum 
value. Since the loop behaved as predic ted on the basis of the analytical 
and physical model , it is concluded that these tes ts were significant in 
determining the mechan ism of sustained flow oscil lat ions for a na tu ra l -
c i rculat ion loop operat ing in the n e a r - c r i t i c a l region. 



CHAPTER VII 

COMPUTER RESULTS AND DISCUSSION 

The theore t ica l model descr ibed in this thes is was formulated to 
predic t the t rans ien t behavior of a na tura l -c i rcu la t ion loop operating in the 
s ingle-phase region near the thermodynamic cr i t ica l point. To simplify 
the computer calculations a number of assumptions were made. The val id
ity of these assumpt ions may be de termined from a compar ison of the p r e 
dicted and the exper imental ly m e a s u r e d t r ans ien t s . 

The f i r s t tes t that the computer model must satisfy is that it predict 
sa t is factor i ly the m e a s u r e d s teady-s ta te flow ra te for a given tes t - sec t ion 
power input, sys tem p r e s s u r e , and inlet enthalpy. In Fig. 27 is shown a 
compar ison of exper imental and calculated flow r a t e s for Loop No. 1 as a 
function of power input. The agreement is quite good. This, however, is not 
surpr i s ing , since the exper imenta l data were used to determine the co r 
relat ion for the friction and momentum p r e s s u r e losses used in the com
puter calculation of the flow r a t e s . This procedure , r a the r than a 
conventional calculation involving the friction factor and the geometr ic 
momentum p r e s s u r e loss , was used to eliminate the uncertaint ies in de te r 
mining the form of losses due to friction and momentum. The more gen
e r a l procedure would be to use the s tandard methods of calculating these 
p r e s s u r e losses but, since the purpose of the computer simulation was 
to determine the mechanism of the flow osci l lat ions, this par t icu la r un
certainty was el iminated by using the corre la t ion for friction and p r e s s u r e 
losses based on this exper imental data for these par t icu lar loops and oper 
ating conditions. 
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Fig. 27. Comparison of Exper imenta l and Calculated Flow Rates 



The second tes t of computer model is that it predict sat isfactori ly 
the m e a s u r e d t rans ien t flow fluctuations under all conditions. A weaker 
c r i te r ion is that the model predic t oscil lat ions under the same operating 
conditions when osci l lat ions were encountered experimental ly with the loop 
and predic t stable flows under the same operating condition when the loop 
operated stably. Within this c r i t e r ion the frequency and magnitude of the 
oscil lat ions need not ag ree too closely. 

To obtain a comparison of the t r ans ien t s , a s teady-s ta te solution 
based on the m e a s u r e d t e s t - sec t ion power, system p r e s s u r e , and inlet 
enthalpy was obtained. The calculated t rans ient response in coolant flow 
due to a smal l per turbat ion in the power input was then obtained. Be
havior at severa l power levels -was examined by changing both power and 
inlet conditions to obtain the t rans ien t response of the loop. 

During a t rans ien t condition, the density at any position z must 
vary with t ime, whereas under s teady-s ta te conditions the density at any 
position z mus t be constant with t ime. A step increase in heat input and 
removal will set up a new density distribution. The associa ted flow t r an 
sient may or may not be damped. The change in the thermodynamic state 
of the fluid as a resu l t of the new operating conditions may be such that 
density will vary with t ime and, hence, the flow oscillation will never be 
damped. 

Since the t rans ien t s were encountered experimental ly in the the r 
modynamic a r e a in which density va r ies the most with enthalpy and p r e s 
sure , i .e . , in regions in which d p / d h changes slope, this was the region 
chosen for the analytical investigation. Figure 28 summar izes the resu l t s 
of the computer simulation of the operation of the loop in this region. 
Initially, the loop was taken to be in the s teady-s ta te mode. A step in
c rease in the heat input at t ime zero s tar ted the t rans ient . The frequency 
of the l a rge , slow oscil lat ion is around 0.2 cps, which is in good agreement 
with the exper imental ly m e a s u r e d frequency, such as is shown in Fig. 19-

' I ' I ' I ' I ' I ' I ' I ' I ' I ' I ' I 

,on POWER INPUT U kw 

0 2 4 6 8 10 12 H 16 16 20 22 
TIME, sec 

Fig. 28. Trans ien t s Encountered with Loop No. 2 for 
the Least Stable Case 



A step inc rease in power input of 1 kw was sufficient to cause the numer ica l 
solution to stop at 12.5 sec because the enthalpy at some point in the loop 
exceeded the tabulated value. Subsequently, the step inc rease in power in
put was reduced to 0.05 kw. After about 18 sec , divergent oscil lat ions a re 
beginning to s t a r t up. An increase in the power input to 0.25 kw shows the 
divergent oscil lat ions beginning sooner. 

In Chapter III it was postulated that the position in the heater tube 
where the maximum in the (ph) product ve r sus t e m p e r a t u r e occurs will 
influence the frequency of the oscil lat ion. It was reasoned that, when this 
maximum occurs at the upper end of the heater , smal le r amounts of fluid 
will be involved in the expansion process and, hence, the loop would re tu rn 
to the normal state m o r e quickly, resul t ing in t rans ien ts of higher f r e 
quency. The resu l t of the computer simulation of this occur rence is shown 
in Fig. 29. The p r e s s u r e fluctuation is roughly 1 cps while the flow is 
steady. At the 8-sec point the flow is beginning to osci l la te . The p r e s 
sure is a lso beginning to fluctuate more widely. The resu l t s in this figure 
point out the major weakness of this model in predicing the t rans ients of 
higher frequency. This will be d iscussed at the end of this chapter . 

I ' I ' I ' I ' I ' I ' I ' I ' I ' 1 ' I 

TIME, sec 

Fig. 29. Trans ient Behavior of Loop No. 2 Approaching the Maximum 
in the Density-Enthalpy Product from the Low-tempera ture 
Side 

The re tu rn to stable operat ion after a step increase in power is 
shown in F igs . 30 and 31. In Fig. 30 the thermodynamic condition of the 
fluid is on the low- tempera ture side of the maximum in the densi ty-
enthalpy product, whereas in Fig. 31 the thermodynamic condition is on 
the h igh- tempera ture side of the maximum. 



63 

20 25 30 

TIME, sec 

Fig. 30. Pred ic ted Response of Loop No. 1 
in a Stable Operating Region 

Fig. 31. Response of Loop No. 2 in a Stable 
Operating Region 

To further i l lus t ra te the dependence of sustained flow oscil lations 
on the thermodynamic conditions, a problem was run in which the p r e s s u r e 
in the region of the expected unstable behavior was 600 psia. The resu l t s 
a r e shown in Fig. 32. A step increase in power input of 0.05 kw, or 0.35%, 
was sufficient to generate sustained osci l lat ions. 



I I ' I ' I ' I I I ' I ' I ' I ' 
POWER INPUT l<t kw 
STEP INCREASE j ^« 
p z 600 psia 
' ' inlet = 7B Btu/lbm 
TIME INTERVAL,0.04 se^ 

I . I . I 
0 2 4 6 8 10 12 14 16 18 20 

TIME, sec 

Fig. 32. Trans ien t Behavior of Loop No. 2 
Operating at 600 psia 

The four major assumpt ions made in setting up the computer 
p rogram and the implicat ions of these assumptions a r e discussed below: 

1. The assumption that density could be evaluated as a function 
of enthalpy and a reference p r e s s u r e is probably the poorest assumption. 
P r e s s u r e var ia t ions of the magnitude found under operating conditions a re 
sufficient to introduce flow osci l la t ions . A rapid p r e s s u r e r i s e throughout 
the entire loop resu l t s in a new density distr ibution not direct ly connected 
with the heat input; hence, a t rans ient condition could develop even while 
holding the heat input constant. 

This assumption was made for two reasons : f i rs t , an equation 
of state was not available, although it is present ly being developed by 
Martin; '^^^ secondly, the introduction of compress ibi l i ty requ i res a t ime 
step 

At = — ^ 4 - r , [see Ref. 34, p. 197] 
c + \\x\ 

for numer ica l stability in the solution of the equations describing the s y s 
tem. The t ime step, of the o rde r of 5 x 10"^ sec for this Freon-114 sys tem 
becomes prohibitively shor t from a computer - t ime cost standpoint. 

2. No local var ia t ion in the m a s s velocity G was allowed in the 
computer p rogram. This approximation allows a much s impler p rogram 
to be wri t ten. When smal l t ime steps a r e used, this assuinption is p rob
ably not too r e s t r i c t ive . The approximation will not be so good when a 
variable c ro s s - s ec t i ona l a r e a is introduced into the problem by the ex
pansion and contraction of the pipe walls due to the p r e s s u r e su rges . 

248 

. 247.6 

246.5 
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3. The sys tem was a s sumed to be of constant volume. However, 
the volume of the sys tem will change during the p r e s s u r e surge because of 
the expansion and contract ion of the pipe wal ls . To account for this effect, 
the equation for conservat ion of m a s s would have to be wri t ten as 

l ? + f ^ + l ^ = o . VII-1 
ot A dt d z 

The introduction of a var iab le a r e a as a function of t ime complicates the 
analysis considerably. 

4. The heat input and removal was assumed to be uniform with 
position and t ime , an assumpt ion made because as yet there is no adequate 
hea t - t r ans fe r co r re la t ion for a fluid in the c r i t i ca l region. Exper imenta l 
m e a s u r e m e n t s by Holman and BoggsU^) for a superc r i t i ca l fluid showed 
the hea t - t r ans f e r coefficient to vary with length in an e r r a t i c and unpre 
dictable manner . The same effect was noted in the operation of this loop. 
Hence, until an adequate cor re la t ion can be developed, this assumption 
will r ema in . 

The validity of these assumpt ions as judged by the close agreement 
with exper i inenta l r e su l t s appears to be good. The success of the analyt ical 
model in predict ing the low-frequency t r ans ien t s suggests that the model is 
adequate for an analys is in which the t r an spo r t of enthalpy is the major 
cause of the osc i l la t ions . The model was unable to predict the m a s s flow 
fluctuations at the high f requencies , although it gave some indication that 
t r ans ien t s of higher frequency would be encountered under those expe r i 
menta l conditions which did give the high-frequency t r ans ien t s . This is a 
d i rec t consequence of the f i r s t assumpt ion l is ted above. The inclusion of 
density as a function of p r e s s u r e p re sen t s a large problem from an analysis 
viewpoint and from the computer cost standpoint. 



CHAPTER VIII 

DISCUSSION OF RESULTS AND CONCLUSIONS 

It has been de termined exper imental ly that operat ion of a s ingle-
phase, hea t - t r ans fe r loop in the thermodynamic c r i t i ca l region of the fluid 
of the design studied in this exper iment will produce p r e s s u r e and flow 
fluctuations under p e r t a i n conditions. The condition de termined exper i 
mental ly for the occu r rence of sustained flow and p r e s s u r e fluctuations 
•was that the sys tem fluid be passing through the thermodynamic region 
in which a maximum in the densi ty-enthalpy product as a function of t e m 
pe ra tu re , enthalpy, or density occur s . In this region it was found that as 
little as 1— kw of heating was neces sa ry to obtain sustained flow osc i l la 
t ions. The loop would operate stably in the thermodynamic regions on 
ei ther side of this maximum in the density-enthalpy product. It was noted 
exper imental ly that the magnitude and frequency of the p r e s s u r e and flow 
fluctuations depended on whether t he rnax imum in the density-enthalpy 
curve was being t r a v e r s e d from the low- or the h igh- t empera tu re side. 
Approach from the low- tempera tu re side resul ted in a dominant frequency 
of 10 to 20 cps, which was 100 t imes the frequency found when t ravers ing 
the maximum from the h igh- t empera tu re side. 

The p r e s s u r e fluctuation encountered could be dest ruct ive to the 
tubing if operated continuously in this region. Therefore , if the tubing 
could be sized to withstand the p r e s s u r e fluctuations or if the p r e s s u r e 
fluctuations could be controlled, a sys tem could operate in this region. 
It was noted that increas ing the sys tem volume in Loop No. 2 tended to 
reduce the sever i ty of the p r e s s u r e t r ans i en t s . 

Physical ly, the p r e s s u r e fluctuations a re caused by a sudden de
c rease in the density of the fluid in the loop. This la rge density dec rease 
with heat addition is the r e su l t of the par t icu la r thermodynamic state of 
the fluid, i .e . , in the thermodynamic region in which d p / d h undergoes 
changes in value. When a p r e s s u r e fluctuation occur s , the assoc ia ted 
density change se ts up a new driving p r e s s u r e and m a s s velocity. The 
computer model was unable to predic t the m a s s velocity change because 
of the assumpt ion of a constant re ference p r e s s u r e . It did give some indi
cation that these t r ans ien t s could be expected. 

The low-frequency t r ans ien t s a r e chiefly due to enthalpy t ranspor t , 
and were predicted in magnitude and frequency by this model . 

The explanation for the different modes offrequen^des is given in 
Chapter III. The high-frequency oscil lat ion is caused by the rapid var ia t ion 
of density in the two ver t i ca l legs . At these f requencies , smal l , d i scre te 
control volumes of fluids a r e being emit ted from the tes t section, and a t ime-
varying density dis tr ibut ion in the r i s e r and downcomer is establ ished. 



•which gives r i s e to flow and p r e s s u r e fluctuations. At the low frequencies , 
when la rge , d i sc re te control volumes a r e being emitted from the test s e c 
tion, the space - and t ime-vary ing density distr ibution var ies m o r e slowly; 
hence, a m o r e stable sys tem or lower-frequency oscil lat ion is encountered. 
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A P P E N D I X A 

MASS F L O W R A T E CALCULATIONS 

The e x p r e s s i o n for c a l c u l a t i n g the m a s s flow r a t e t h rough a v e n t u r i , 
a s s u m i n g the flow is i n c o m p r e s s i b l e in the v e n t u r i and tha t the i r r e v e r s i 
b i l i t i e s can be a c c o u n t e d for by u s i n g a d i s c h a r g e coeff ic ient , is 

rh = CFnA2 [2 g^ Pi(Pi - P a ) ] ' ' ' I b ^ / h r , ( l ) 

w h e r e 

rti flo-w r a t e , Ibj^j/hr 

C d i s c h a r g e coef f ic ien t 

F v e l o c i t y of a p p r o a c h f a c t o r , [1 - {A2J ̂ i) ] 

D u p s t r e a m tube d i a m e t e r of v e n t u r i m e t e r , 0.93 in. 

d t h r o a t d i a m e t e r of v e n t u r i m e t e r , 0 .3963 in. 

Pj u p s t r e a m fluid d e n s i t y , IbnVft^ 

Pi " PE p r e s s u r e d r o p , p s i 

A2 t h r o a t a r e a , in.^ 

Aj u p s t r e a m tube a r e a , in.^ 

n f a c t o r to a c c o u n t for u n i t s 

g^ g r a v i t a t i o n a l c o n s t a n t , 32.2 Ib^^ f t / l b f - s e c ^ . 

The t h r o a t d i a m e t e r of the v e n t u r i u s e d w a s 0.3963 i n c h e s . The flow 
d i s c h a r g e coef f ic ien t C w a s 0 .98. The v e l o c i t y - o f - a p p r o a c h f a c t o r , F , w a s 
0 .983 . Making t h e s e s u b s t i t u t i o n s into Eq . (1) g i v e s 

rh = 286.2 [Pi (p i - p2)]i^2 i b ^ / h r (2) 

A m a n o m e t e r w a s c o n n e c t e d in p a r a l l e l -with the d i f f e ren t i a l p r e s 
s u r e t r a n s d u c e r to p r o v i d e a c h e c k on the t r a n s d u c e r - r e c o r d i n g s y s t e m . 
When c o r r e c t i n g the m a n o m e t e r r e a d i n g s , t he m a n o m e t e r l i n e s w e r e 
a s s u m e d to be f i l led wi th F r e o n - 1 1 4 a t 80°F . The o b s e r v e d h e a d w a s a l s o 
c o r r e c t e d for the m a n o m e t e r z e r o . When u s i n g the m a n o m e t e r d i f f e ren t i a l 
h e a d r e a d i n g s , Eq . (2) becomies 

m = 66.7 ( P i h 2 . , 5 ) i ^ M b ^ / h r (3) 
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APPENDIX B 

PROPERTIES OF FREON-114 

The fluid used in this study was dichlorotetrafluoroethane (C2F4CI2) 
or F reon-114 , chosen because of i ts low cr i t ica l t empera tu re and p r e s 
sure (294.3°F and 473.Z psi) , availabili ty of thermodynamic data, and low 
level of toxicity. F reon is a t r a d e m a r k for a group of halogenated hydro
carbons , containing one or m o r e fluorine a toms , widely used as re f r ige ran t s 
and propel lants . 

Van Wie and Ebel^^^' have published tables of the thermodynamic 
proper t i es of F reon -1 M ' ' ^ ' ^ ) based on cor re la t ions of vapor p r e s s u r e , the 
p - v - T re la t ionship , sa tura ted liquid density, and heat capacity at zero 
p r e s s u r e s published by Martin.^^^' The tables were computed by means 
of a digital computer . 

F igures 33 and 34 were p repared from data in the thermodynamic 
t ab le s . It should be noted that the density and enthalpy values along an 
isobar in the compressed- l iqu id region were extrapolated from the cr i t ica l 
t empera tu re to the saturated liquid t empera tu re corresponding to that 
p r e s s u r e . 
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in the Cr i t ica l Region 

240 250 270 290 

TEMPERATURE 
310 330 
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F igure 35 shows the var ious regions as defined by Dodge.! ' ) The 
t e r m fluid was given to the substance when subjected to both a p r e s s u r e 
and t empera tu re g rea t e r than the cr i t ica l p r e s s u r e and t empera tu re . His 
reason for defining the fluid region as such was that a liquid at a p r e s s u r e 
g r e a t e r than the c r i t i ca l p r e s s u r e can change to a vapor , or vice v e r s a , 
without any observable phase change. He concluded that a substance in 
this region can be called nei ther a gas nor a liquid. 

The var ious regions defined by Searsw^) and by Zemansky^"*'*-' a re 
shown in Fig . 35 (b). Sears mentions that the boundary between the gaseous 
and vapor regions is unnecessa ry , since the p rope r t i e s of a vapor differ in 
no re spec t from the p rope r t i e s of a gas . 

The regions defined by Young^'*-^/ are shown in F ig . 35 (c). He men
tioned that it w^as difficult to classify a fluid w^hose t empera tu re is very near 
the c r i t i ca l t empera tu re and v/hose p r e s s u r e is g r ea t e r than the cr i t ica l 
p r e s s u r e . He made no at tempt to define this region quantitatively. 

The regions as defined by Youngl'*^) cor respond to the regions used 
in this thes i s . 
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APPENDIX C 

DIGITAL COMPUTER PROGRAM 

In the analysis in Chapter III the finite-difference equations de
scribing the simplified sys tem were wri t ten and the method of solution 
indicated. The solution consis ts of two pa r t s : (1) s teady-s ta te calculations 
to set up the initial conditions for the t rans ien t analysis , and (2) the t r an 
sient solution. The flow diagrams for the calculations a r e shown in 
F igs . 36 and 37. The dimensions of the loops, subdivisions, and grouping 
a re shown in Fig. 38. 

TRANSIEHT ANALYSIS 

STEADY STATE ANALYSIS 

DIMENSION, READ IN INPUT DATA 

AND PROBLEM 

CALCULATE h ( z ) USING ENERGY 

EQUATION 

DETERMINE DENSITY DISTRIBUTION 

USING h ( z ) VALUES 

CALCULATE NEW 8 

CNECK CONVERGENCE OF S AGAINST 

IN IT IAL G 

H ^ 

DETERMINE SYSTEM MASS 

PRINT G, Ap, p. NO. OF 

ITERATIONS FOR S 

GO TO TRANSIENT ANALYSIS 

INPUT DATA: 

i t TIME INTERVAL, TOTAL TIME 

h AT HEATER INLET 

Q/A FOR ENTIRE HEATER AND COOLER. 

PROGRAM DISTRIBUTES ?/A FOR 

EACH INTERVAL 

G ESTIMATED 

SYSTEM GEOMETRY (LENGTHS, NO. OF 

SUBDIVISIONS, VOLUME) 

N, N, 

REFERENCE PRESSURE 

CONVERGENCE CRITERIA 

E 

FROM STEADY STATE ANALYSIS 

STEP INCREASE IN HEAT INPUT Q/A 

CALCULATE NEW h ( r , l ) USING ENERGY 

AND TRANSPORT EQUATIONS 

DETERMINE DENSITY DISTRIBUTION 

USING h ( z , t ) VALUES 

DETERMINE DENSITY DISTRIBUTION, 

i p and p FROM STEADY STATE 

PROGRAM 

DETERMINE CHANGE IN SYSTEM 

PRESSURE 

DETERMINE F ( J ) 

SOLVE FOR G ( j t l ) 

PRINT G, p, 4p , P 

Fig. 36. Simplified Computer Flow Fig. 37. Simplified Computer Flow 
Chart for the Steady- state Chart for the Transient 
Analysis Analysis 

The computer solutions could be run for p r e s s u r e s of 475, 520, and 
600 psia . Tabulated values of density as a function of enthalpy at these 
p r e s s u r e s were s tored in the computer . Linear interpolation was used. 

Because of the unknown variat ion of viscosi ty, frictional and mo
mentum losses were obtained by corre la t ing the driving p r e s s u r e as a 
function of GyP • The l inear equation used was of the form 

F (j) = Ni + N GVP 

Loop No. 1 

N 0.1388 
Ni 25.0 

Loop No. 2 

0.12 
30.0 
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SPACE 

1 A-B 

2 B-D 

3 D-E 

i» E-A 

A-C 
A-F 

DIMENSION 

(VERTICAL) 

3.0 
8 . 3 3 4 

5.0 
7.66 
9.667 
CCW 

21.664 

c 
1.50 

NOT TO SCALE 

DIMENSIONS IN FEET 

- 0 . 1 6 7 

5.0 

3.0 

2 .^3 

T 

SPACE 

1 A-B 

2 B-D 

3 D-E 

H E-A 

A-C 
A-F 

DIMENSION 

(VERTICAL) 

3.0 
13.664 

5.0 
12.99 

13.664 

CCW 
3 2 . 3 2 4 

1.5 

5.0 

5.33 

3.0 

2.33 

- 0 . 1 6 7 

LOOP NO. I 

. 3 
VOLUME-0.129 f t 

VERTICAL HEIGHT- 12.0 f t 

FLOW PATH LENGTH-27 .5 f t 

LOOP NO. 2 

VOLUME-0.180 f t ' 

VERTICAL HEIGHT- 17.33 f t 

FLOW PATH LENGTH - 3 8 . I f t 

F i g . 38 . D i m e n s i o n s of E x p e r i m e n t a l Loops 
Used in C o m p u t e r P r o g r a m 

The t i m e i n c r e m e n t s u s e d in the so lu t ion depended on the f r e 
quency of the t r a n s i e n t r e s p o n s e e x p e c t e d . F o r the h i g h e r f r e q u e n c y 
t r a n s i e n t s , a s m a l l e r t i m e i n t e r v a l w a s u s e d to ob ta in the c o m p l e t e t r a n 
s i e n t r e s p o n s e . F o r the s l o w e r t r a n s i e n t s , a l a r g e r t i m e i n t e r v a l was 
u s e d to r e d u c e the so lu t ion t i m e . 

Rand les^^ ' d e r i v e d a s t a b i l i t y c r i t e r i o n for the con t inu i ty equa t ion 

a s 

o r 

_G A_t 
p Az <1 

A t < p 
A z 

This was a l s o the c r i t e r i o n u s e d by Alstad^ ' in h i s t r a n s i e n t so lu t ion . 
F o r the A z ' s u s e d in t h i s p r o g r a m and the m a s s v e l o c i t i e s e n c o u n t e r e d . 
At w a s 1-ess t han 0.25 s e c . 

The c o m p u t e r p r o g r a m w r i t t e n in F o r t r a n for the IBM 704 i s 
l i s t e d in the fol lowing p a g e s . 



164U/AMU 102 TILT 
niiJENSION R H O ( 3 , l Q 0 ) , F N T ( 3 t l Q Q ) f . S P A { « » ) t S I 7 F C » ) , T T F S T ( U ) , n F t (»t ) t 

1 D E L Z ( » t ) » N S P A { i * ) , H B { « t , 5 I ) , H « U , 5 1 ) , H B A R { 4 , 5 1 ) , H 8 B A R ( » » , 5 1 ) , H N U ( U , 5 1 ) , 
?HRARNI I (>^ ,Sn ,RRaRf4 , 'S1 ) ,nF I R n H t H F I RHCSHtf lFt P ( 2 n o n ) , 
3 R H 0 B A R ( 2 0 0 0 ) , G B A R ( 2 0 0 0 ) , P ( 2 0 0 0 ) , F ( 2 0 0 0 ) , H 0 U T ( 2 0 0 0 ) , D E L H N U ( ^ , 5 1 » , 
uGMAX(ioniTGMAXTnnntTr.MTNi(inn>TnMTMTMnni,TPi^i,TTMPi9nnn» 
COMMON RH0,ENT,IP 
CALL TABLE 

1 F0RMAT(UI6,1P4E12.5) 
•? P n R M A T f l P A F i y . ' i l 
3 F 0 R M A T ( 2 E 1 2 . 5 , I 6 ) 
it F 0 R M A T ( F 1 6 . U , 1 P F 1 8 . S T U E 1 A . S 1 
5 F C R M A T ( 3 E 1 2 . 5 , I 6 ) 

,liLA£AQ_JJJPUT JA£E,7 ,1t I -ERQB^dL£RF.S,NTFSTl ,NIFST?,QRYA,HTN»GRAR(1) , 
1EPS1 

K=J 
11 = 1 
L E l N X E S T i n 2 . 1 6 , 1 2 

12 HBLAST=0. 
R£AIL INPUT TAPFJ7_t?tBRl»BR?4^JlN.nN1,V 
D015 I = 1»«t 
RFAH INPUT TAPE 7, .^ ,SPA( T) . ST7F( T ) . TTFST( T ) 
D £ L Z ( I ) = S I Z E ( I ) / S P A ( I ) 
NSPA(I> = SPA( I > 
H B ( I , 1 ) = H B L A S T 
L = N S P A ( n 
DO -\h J = 1 , L 
H R < T . j - m = H R ( r . . m - n F i 7 f T i 

14 H B B A R ( I , J ) = ( H 8 ( I f J ) + H B ( I , J + 1 ) ) / 2 . 0 
15 HBLA?;T=HR( I . L - H ) 
16 ITER=1 

I F ( N T F ? ; T ? > 1 9 . 1 9 . 1 7 
17 READ INPUT TAPE 7f2 iQCHNGfDELT,TMAX,E,HTEST 

RFAH TNPIIT TAPF 7 . •^. Fl . Tr.HNr,. nPI T M I . T TflUP 

19 DO 50 1 = 1 , U 
I F ( I T E S T ( I ) ) i » 0 , 3 0 t 2 0 

20 D E L ( I ) = Q B Y A / S P A ( I ) / G B A R 
H ( 1 , 1 J = H I N 
L = N S P A ( I ) 
DO ?5 J = 1 . l 
H ( I , J + 1 ) = H ( I , J ) + D E L m 

?s H B A R ( I . J > = ( H ( i t J H ^ H ( i t J - n n / 2 . n 
H L A S T = H ( I , L + 1 ) 
GD̂  XI1_51] 

30 H ( I , 1 ) = H L A S T 
I =N5iPf l (n 
DO 35 J = 1 , L 
H ( I , . I + 1 )=MLASI 

35 H B A R ( I , J ) = H L A S T 

40 D E L ( n = Q B Y A / S P A ( I ) / G B A R 
H ( T , 1 ) = H I AST 
L = N S P A ( I ) 
DO 4 5 , ^ 1 = 1 ^ 
H { I , J + 1 ) = H ( I , J ) - D E L ( I ) 

JtS H B A R ( I , J ) = ( H ( T , . l ) - » -H( I , J - fc - l ) ) / 2 .0 
H L A S T = H ( I , L + 1 ) 

sn r n N T T N i i F 

55 DC 100 1 = 1 , 4 
L=NSPA( I ) 

60 DO 65 J = 1 , L 



IF(RBAR(I,J)190,65,65 
65, CONTINUE „ ^ 

GO TO 100 
90 WRITE OUTPUT TAPF 6. 92 . T PROR . T . .1 .HRAR ( T . .11 
92 F0RMAT{17H1 IN PROBLEM 16,3H H(12,IH,I2,4H) = 1PE12.5,37H WHIC 

IH EXCEEDS JTilE VALUE OF THE JABLEL 
GO TO 150 

100 CONTINUE _„ „_ 
RHOBAR(K)=U. 
DELP(K)=0. 
DO 135 1=1,4 
L = NSPA1I) ^ 
PSUM=0, 
RHOSUM=0. 
DC 13C J = 1 , L 
RHOSUW=RBAR( I . . I H-RHDSUM 
I F ( H B B A R ( I , J ) - B R l ) n 5 , 1 2 a , 1 2 0 

115 PSUM=PSUM-RBAR(I ,J1 
GO TO 150 

12Q lFlHBBARCJ,i)-BR2n25,L25jLL5„__ _ 
125 PSUM=PSUM+R8AR(I,J) 
13S CONTINUE 

RHOBAR(K)=RHOSUM/SIZE(I)»DELZ(I)+RHOBAR(K) 
]±5 DELP(K)=PSUM«DELZ(I)+DELP(K) 

RH0BAR(K)=RH0BAR{K)/4. 
_Ga TO JJ39x2351^,11 

139 GBARNU=SQRTF((OELP(K)-DNl)«RHOBAR(K)/DN) 
TF(ABSFfnRARNti-GRAR(K>l-FP?;i»GRAR(K)n5?.15?.140 

140 GBAR(K)=(GBARNU+GBAR(K))/2. 
ITER=ITFR-H 
IF(ITER-26)19,145,145 

145 ITER=-25 
150 NTEST2=0 
152 EM=RHOBAR(K)*V 
151 L=NSPA(1)-1 

DO 155 J=1.L 
TEMP=RBAR(1,J+1)-RBAR{1,J) 
OELR ( J )=TEMP/ (HBAR( 1 . J-»1 )-HBAR( 1 . J ) ) 

155 DELRH{J)=(RBAR(1,J+1)»HBAR(1,J+1)-RBAR(1,J)»HBAR(1,J))/TEMP 
GO TO n5<>t3^». ') ,n 

156 WRITE OUTPUT TAPE 6,160,IPROB,IPRES,DELT,QBYA,QCHNG,ITER,GBAR(1), 
1DELP(1).RH0BAR(1 I.EM.HLAST 

160 F0RMAT{19Hn644/AMU 102 TILT69X8HPR0BLEM I6//7X11HPRESSURE = 16, 
18X1QHDELTA T = F6.3,eX6HQ/A = 1PE12.5.8X10H0CHANGE ^__EL2^//9X9H1 L 
2ERATI0N8X4HGBAR11X7HDELTA P9X6HRH0BAR13X1HM13X5HH 0UT//I14,1PE20.5 
3.4F16.S//> 
GO TO (161,300),II 

161 WRITE OUTPUT TAPE 6.162 
162 F0RMAT(19X1HJ11X17HDELTA RHO/OELTA H6X20HDELTA RHOH/OELTA RHO) 
165 L=NSPA(1)-1 

DO 170 J=1,L 
170 WRITE OUTPUT TAPF 6 . 1 75 . .1. OFLRl J 1 .DFI RH (.11 
175 F0RMAT(I21,1P2E25,5) 
LaO__IF(_NT£ST212Qi5Aiax2_aQ 
200 K=2 

KK=2 . 
HOUTd )=HLAST 
TGMAX=1 
GMAX(IGMAX)=GBAR(1) 
TIME(2)=nELT 
ACCT=DELT 

277 WRITE OUTPUT TAPE 6.278 
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278 F0RMAT(35H0 TRANSIENT ANALYSIS RESULTS//!1X4HTIME11X4HGBAR1 
11X7HDFITA P9X6HRHnRAR13X1HP14X5HH OUT/) 

205 GSIGN=1. 
?in QRYA=QRYA+QrHN£ 
211 M=NSPA(4)+1 

HNU(1,1l=H14tM) 
DO 231 1=1,4 
LF(ITEST(I))216,215,212 

212 QOVERA=QBYA 
nn TO oon 

215 QOVERA=0. 
GO TO 220 

216 QOVERAs-QBYA 
220 nFtQA=OOVFRA/ ,<;PAtT1 
225 GOELZ'sGBARIK-D/DELZd) 

I s N S P A I H 
DO 229 J=1,L 

1030 HBARNU(T^.n = HRARtTf . lH-nFI T / ( RRAR ( T ^ .11*nFI 7 t T > l « (OFI QA-RRARt K - H » 
1 { H ( I , J + 1 ) - H N U ( I , J ) ) ) 

TAU=RBAfL(I,J)/GnEIZ 
229 H N U ( I r J + 1 ) = H ( I , J + 1 ) + ( 0 E L T / T A U ) « ( 2 . » H B A R ( I , J ) - H ( I , J + 1 ) - H N U ( I , J ) ) 

H-HRARNUITT-i l -HRARfTT-n 
I F ( I - 4 ) 2 3 0 , 2 3 1 , 2 3 1 

230 L=NSPA(11 
HNU( I *1 ,1 )=HNU( I ,L+1 ) 

231 CQNTINUP 
DO 233 1=1,4 
I =N.SPA(T1 
DO 232 J=1,L 
H(I.J)=HNU(I.J) 

232 HBAR(I,J)=HBARNU(I,J) 
H(I.L»1)=HNU(I.L-H1 

233 CONTINUE 
H 0 t l T { K l = H t 4 . M > 
IF(HTEST)236,237,236 

236 DO 234 I = 1.4 
L=NSPA(I) 

234 WRITE OUTPUT TAPE 6.2. (H(I..n. HRARd.JI. J = 1.L) 
237 11=2 

Gn TO 5S 
235 P(K)=(RH08AR(K)-RH0BAR(1))/RHOBAR{1)»E 

Fl(K-11=nN«GRARtK-H*GBAR(K-11/RH0RAR(K-11+DN1 
GBAR(K)=GBAR(K-1)+(32.2»DELT/EL)*{DELP{K)-F(K-1)) 

250 IF(GSIGN126S.255.255 
255 IF(GBAR(K)-GBAR(K-1))260,300,300 
260 GHAXIiaMAX l = GRARtK-1> 

GMAXT(IGMAX)=ACCT-0£LT 
GSTGN=-1-
GO TO 300 

265 T F ( GBAR( K- 1 >-GHAR ( K 1 1 270, 300, .300 
270 6SIGN=1. 

r,miNI Tr,MAXl = KRARtK- i > 
GMINT(IGHAX)=ACCT-DELT 

27? IG»IAX=IGMAX-t-1 
GO TO 300 

282 t t =!K-1 
DO 279 L = KK,LL,ITSUP 

?79 WRTTF OUTPUT TAPF A.4.TTMFII 1.GRAR( I 1.OFI P11 1.RHORAR(I 1.P(M . 
IHOUT(L) 
WRITE OUTPUT TAPF 6.4.TlMFtK1.GBAR(K1.OELP(K1.RHQBAR(K1.P(K1 , 

IHOUT(K) 
KK=K+1 



GO TO (304,400),JJ 
400 WRITE OUTPUT TAPE 6.401 
401 F0RMAT(23H0 TIME14X4HGMAX15X4HTIMel4X4HGMIN//) 

WRITE OUTPUT TAPE 6,402, (GHAXT{ J ) ,GMAX{ J) .GMINT(.1),GMIN{ J),J=1, 
XIGMAX) 

402 F0RMAT(F23.4.1PE21.6.0PF16.4.1PE21.61 
GO TO 10 

_300 IF(TMAX-ACCT13000.3000.301 
3000 JJ=2 

GO TO 28? 
301 IF(TCHNG)305,305,302 
302 IF(ACCT-TCHNG)305.303.303 
303 TCHNG=0. 

JJ = 1 
GO TO 282 

304 DELT=nELTNU 
305 K=K+1 

__ ACCT=ACCT+DELT 
TIME{K)=TIME(K-|)+DELT 
GO TO 211 

340 JJ=2 
GO TO 282 



SUBROUTINE TABLE 
DIMENSION RH0(3. inn>,ENT(3t10Q>TTPf31 
COMMON RHO,ENT,IP 
TPn>=47S 
IP (2 )=520 
IP(31=600 
ENT(1 ,1)=58.17a 
£MIL UZl^JtiU9_Qn 
ENT(1,3)=63.8309 
E N T ( 1 , 4 ) = 6 6 . 7 3 n 
ENT(1,51=69.6994 
ENTf1.61=70. 
ENT(1 ,7 )=75 . 
iNTL l ia jL^ f i f i ^ 
ENT(1 ,9 )=82 . 
ENTCI.101=84. 
ENT(1 ,11 )=86 . 
ENT(1 .12 )=88 . 
ENT(1 ,13 )=90 . 
E N T d . 1 4 1 = 9 2 . 
E N T d , 1 5 ) = 9 4 . 
F N T d . 1 6 1 = 9 6 . 
e N T d , 1 7 ) = 9 8 . 
£NTd,18X^^Mfl_. 
E N T d , 1 9 ) = 1 0 2 . 
E N T d . 2 0 1 = 104 . 
E N T d , 2 1 ) = 106 . 
FMTM.g? l = i n R . 
ENT{1,23) = n O . 
ENT(2.11=58. ITS 
ENT(2,21=60.9831 
ENT(2.31=63.8309 
ENT(2,41=66.7311 
FNT(?,51=69.6994 
ENT(2 ,6 )=70 . 
ENT(2 ,7 )=75 . 
ENT(2 ,8 )=80 . 
ENT(2.91=82. 
ENT(2,101=84. 
ENT(2 ,11)=86 . 
ENT(2 ,12)=88 . 
ENT(2.131=90. 
ENT(2,141=92. 
£NT( 2,15.1^^4^ 
ENT(2,161=96. 
FNTt?.17> = 9R. 
ENT(2,181=100. 
ENT(2 ,191^102. 
ENT(2,201=104. 
-£NT(2,21) = 106. 
ENT(2 ,22)=108 . 
FNT(? .?3 i = n r ) . 
ENT{2,241=111.5 
ENT(2.251 = 113.7755 
ENT(2,261=117.6484 
ENT(?.271 = 120.0448 
ENT(3,11=58.178 
FNT(3,?)=6a.98.31 
ENT(3,3)=63.8?09 
ENT(3.41=66.7^11 
ENT(3,5)=69.6994 
ENTt3.61=70.0 



ENT{3,71=75.0 
£ftLT(3,B1=Rfl. 
ENT(3,91=82. 
F N T ( 3 , i n i = R 4 . 
ENT( i , 111=86 . 
FNT(A, l?1=aP. 
ENT(3,131=9C. 
£N.L( 3 ,141 = 9 2 . 
ENT(3,151=94. 
FNT(3,16) = 9 6 . 
ENT(3,171=98. 
FNT(3.181 = 1 0 n . 
ENT{3,191=102. 
miii tzai^i i i i . . 
£NT(3 ,211=106. 
F K T ( = ^ . ? 9 1 = i n R -

£NT{3 ,231=110. 
ENTtJL,24) = 112 . 
ENT(3,251=116. 
RHQd.11=75.1446 
R H 0 d , 2 ) = 7 3 . 4 6 4 4 
R H Q d . ^ 1 = 7 1 . A 7 1 4 
RHOd,41 = 69 .7391 
RHQd.51 = 67 .63 
RH0d»61=67 .5 
RHQd.71=63 .5 
RHOd,81=58 .5 
RHQd.91=56 .5 
RHOd,101=54 .2 
RH 0 ( 1 . 1 1 1 = 5 1 . 8 
RHOd,121=49 .1 
RHQd.131=46 . 
RH0(1 ,14 )=42 .5 
RHn(1 ,15 )=39 . 
R H 0 d , 1 6 ) = 3 5 . 
_Rit£Ld j J J ) = 3 1 . 
R H 0 d , 1 8 ) = 2 7 . 5 
AHJIL I , 19) =25.5_ 
RHOd,201 = 23 .5 
RHOd,211 = 21." I 
RHOd,221 = 19 .8 

RH0(2,11=75.1446 
^MQLLZ^21^3.Jt644 
RH0(2 ,3 )=71.6714 
R H n ( ? T ' t 1 = A 9 - 7 ^ 9 1 
RH0(2,51=67.63 

_RHQ12*A1=^Z*5 
RH0(2 ,7 )=64 .8 
RHn(2^ai^6X.Jt 
RH0(2 ,9 )=59 .8 
•BHQC?,101 = 58 .2 
RH0(2,111=56. 
AH0{2,, 12) = 5 3 . A 
RH0(2,131=50.5 
RHn(?^ ia=43L . 
RH0{2,151=43.2 
RHOi?,161=39.4 
RH0(2 ,17 )=35 .8 
RHQ(2,181=32.6 
RH0{2,191=30, 
R H 0 ( ? . ? 1 1 = ? ' ; . 4 
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RH0{2 ,23 )=22 .2 
RH0(2.221=23.8 
RH0(2,291=27.5 
RHQ(2,24) = 2 1 . 5 5 -
RH0(2 ,25)=19 .21 
RH0(2.261=17.7 
RH0(2,271=16.57 
RH0(3.11=75.1446 
RH0(3,21=73.4644 
RHQ(3.31=71.6714 
RH0(3,41=69.7391 
RH0i3 j 51=67.63 
RH0(3,6)=~67.5 
R HO ( i t Z ) =6 5 . 
RHO(3,81=62. 
RHQ<5,9)=61.5 
RH0(3,101=59.2 
R H 0 (3 J 11 = 57 .5 
RH0(3,121=55.6 
RH0(3 j131=53.5 
RH0(3 ,141=51 . 
RH0(3.151=48. 
RH0(3,161=45. 
RH0(3,171=41.8 
RH0(3,181=38.4 
RH0(3.191=35.2 _ 
RHO(3,201=32.5 
RH0(3.211=29.8 
RH0(3,221=27.6 
RH0(3.231=25.8 _ 
RH0(3,241=24.6 
RH0(3 .25 )=22 .2 
RETURN 



SUBROUTINE INTER(HH,R,IPRESl 
DIMENSION R H 0 ( 3 . 1 0 Q 1 . F N T ( 3 , 1 0 0 1 T T P ( 3 1 
COMMON R H 0 , E N T , I P 
IFdPRFS-TP( 2111000,1100,1200 

1000 IF(HH-ENT(1,11)1015,1030,1005 
1005 no 1Q10 d =2.100 

L = LL 
I F ( H H - F N T d . L l l l 1 0 ? 0 T 1030^1010 

1010 CONTINUE 
1015 R = - 1 . 

GO TO 1400 
J02Q II=i1 

GO TO 1300 
1030 R=RH0d.L1 

GO TO 1400 
1100 IF(HH-FNT(?,1111115,1130,1ir)5 
1105 00 1110 LL=2,103 

L=LL 
IF(HH-ENT(2,LLini20,1130,1110 

1110 r.ONTTNUF 
1115 R=-1. 

an TO 1400 
1120 11=2 

60 TO 1300 
1130 R=RH0(2,L} 

GO TO 14QQ 
1200 IF(HH-ENT(3,11)1215,1230,1205 
1205 nn 1210 d =2,100 

L=LL 
IF(HH-ENT(3.LL11122Q.1230.1210 

1210 CONTINUE 
1215 R=-1. 

GO TO 1400 
iy?G TT=3 

GO TO 1300 
1?3Q R=RH0(3.L1 

GO TO 1400 
1300 UP = F N T d T . l 1-HH 

T 0 T = E N T d I , L 1 - E N T d I , L - 1 ) 
nTFF=RHO(TT.I l-HHOf T T ^ t - I < 
RATIO=UP/TOT 
RsRHOtTTTJ 1-RATTn«nTFF 

1400 RETURN 
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COMPUTER PROGRAM NOMENCLATURE 

ACCT 

BR 1 

BR 2 

CALL INTER 

DEL 

DELP 

DELR 

DELRH 

DELT 

DELZ 

DN 

DNi 

E 

EK 

EL 

EM 

ENT 

EPS 1 

EPS 2 

F 

GC 

GMAX 

H 

HB 

HEAR 

HBARNU 

HBBAR 

HBLAST 

accumulated t ime of t rans ient calculation, sec 

space boundary for top of loop 

space boundary for bottom of loop 

calling for interpolat ion subroutine 

(Q/A)n/G 

gravi ta t ional driving head, Ap, 

change in average density between two success ive 
inc remen t s 

d(ph)/dp 

t ime in terval by which solution is advanced. At 

size of inc rement in each space 

constant mul t ip l ier of Gyp 

additive constant in equation calculating F 

modulus of compress ib i l i ty , psi 

momentum loss factor 

flow path length of loop, L, ft 

m a s s of fluid in loop, Ib^^ 

enthalpy in table 

m a s s velocity convergence c r i t e r ion for steady s ta te , 
usually 1 % 

convergence c r i t e r ion for G in t rans ient ana lys is , 
usual ly 1% 

friction p r e s s u r e loss 

gravi tat ional constant , g^,, 32.2 Ibj^-f t / lbf-sec^ 

maximum m a s s velocity, Ibm/sec-f t^ 

enthalpy at boundary points 

enthalpy at boundary of each space 

average enthalpy in a space increment 

new average enthalpy in a space increment at the advanced 
t ime h (j + l) 

enthalpy at boundary points 

inlet enthalpy to hea te r 
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HIN 

HNU 

HOUT 

IGMAX 

I T E R 

I T E S T 

I T S U P 

N S P A 

N T E S T l 

N T E S T 2 

P(K) 

P R E S 

P R O B 

PSUM 

QBYA 

QCHNG 

RBAR 

RHO 

RHOBAR 

RHOSUM 

SIZE 

SPA(I) 

S Q R T F 

TMAX 

V 

in le t e n t h a l p y to h e a t e r 

new e n t h a l p y at end po in t s of s p a c e i n c r e m e n t a t t i m e 

t + At, hn ,e ( j + l ) 

ou t l e t e n t h a l p y f r o m h e a t e r 

f i r s t m a x i m u m in the m a s s v e l o c i t y 

n u m b e r of t i m e s G i s r e c a l c u l a t e d in s t e a d y s t a t e for 
c o n v e r g e n c e 

t e s t to d e t e r m i n e which s p a c e p r o b l e m so lu t ion i s in 

s p e c i f i e s wh ich i n t e r a t i o n s in t r a n s i e n t so lu t ion a r e p r i n t e d 

n u m b e r of i n c r e m e n t s e a c h s p a c e i s d iv ided in to 

t e s t to d e t e r m i n e in wh ich loop g e o m e t r y p r o b l e m i s to be r u n 

t e s t to a l l ow p r o b l e m so lu t ion to a d v a n c e to the t r a n s i e n t 
so lu t ion 

change in s y s t e m p r e s s u r e 

s y s t e m p r e s s u r e 

p r o b l e m n u m b e r 

s u m m a t i o n of a v e r a g e d e n s i t i e s in e a c h i n c r e m e n t 

Q/A 

s t ep i n c r e a s e in Q / A for t r a n s i e n t c a s e 

a v e r a g e d e n s i t y in i n c r e m e n t 

d e n s i t y 

a v e r a g e d e n s i t y of f luid in l oop , lb / f t^ 

s u m m a t i o n of a v e r a g e d e n s i t i e s in e a c h i n c r e m e n t 

s p e c i f i e s l eng th of e a c h s p a c e 

d e s i g n a t e s n u m b e r of s p a c e s in loop 

1 = 1 h e a t e r 
1 = 2 r i s e r 
1 = 3 c o o l e r 
1 = 4 l o w e r p o r t i o n of co ld l eg 

s q u a r e - r o o t s u b r o u t i n e 

m a x i m u m t i m e p r o b l e m i s a l l o w e d to r u n 

v o l u m e of l oop , ft^ 
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m APPENDIX D 

ALTERNATE DERIVATION AND ANALYSIS 

As indicated in the text, the densi ty-enthalpy product was an i m 
portant thernnodynamic va r i ab le . The maximum in this product r ep resen ted 
a region of unstable opera t ion. The cause of the maximum was analyzed in 
t e r m s of a change in the ra te of change in density with r e spec t to enthalpy. 
This was shown to r e su l t in nonuniform acce lera t ion of a fluid control vo l 
ume as it pas ses through the hea ter or cooler ; therefore , a t rans ien t condi
tion develops. 

Since the densi ty-enthalpy product appears in the energy equation 
and density appears in the continuity equation, it is ins t ruct ive to make an 
analys is consider ing the densi ty-enthalpy product as a function of density, 
which enables the energy and continuity equations to be combined di rec t ly . 
The continuity equation is 

(G)inlet - (G)exit = Az | ^ . D-1 

The energy equation is 

(Gh)inlet - (Gh)exit + ( Q / A ) = AZ ^ (ph) . D-2 

An a l te rna te way of writ ing the energy equation is 

[(Gh)inlet + ( Q / A ) ] - (Gh)exit = Az ^ ^ | ^ . D-3 

Introduction of the continuity equation, D - 1 , into Eq. D-3 gives 

[(Gh)inlet + ( Q / A ) ] - (Gh)exit = ^ ^ [(G)inlet " (G)exit] • D-4 

In a t rans ien t developed by heat addition, the left-hand side of 
Eq. D-4 is always posi t ive; therefore , so should be the r ight-hand side. 
Three cases need to be cons idered: (l) d(ph)/dp negative throughout the 
control volume; (2) d(ph)/dp posi t ive; and (3) d(ph)/dp negative at the in 
let , posit ive at the outlet . A plot of ph as a function of p is shown in 
Fig . 39 for F r eon -114 . 

When d(ph)/dp is negat ive, (G)gj^^^ must be g rea te r than (G)inXet ^o 
make the r ight -hand side of Eq. D-4 posi t ive, that i s , the fluid in the control 
volume is acce l e r a t ed . When d(ph)/dp is posi t ive, (G)exit i^ust be l ess than 
(G)inlet to satisfy Eq. D-4, that i s , the fluid is dece le ra ted . 
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Fig. 39 

Density-Enthalpy Product for 
Freon-114 along an Isobar as 
a Function of Density 

20 30 HO 

DEKSITY, Ibm/ft^ 

When the control volume corresponding to the two cases a re 
chosen so that the slope is negative in one and positive in the other , i .e . , 
one on each side of the maximum, an interes t ing conclusion can be drawn. 
The fluid is f i rs t acce le ra ted and then decelera ted; consequently, a t r a n 
sient develops. The magnitude of the t rans ien t depends on the interact ion 
of the m a s s velocity with the momentum equation, wri t ten as 

(L/gc) 
dG 
dt 

= Ap D-5 

The equations as developed and conclusions drawn a re applicable 
to both s ingle- and two-phase fluids. The p r i m a r y difference between the 
s ingle- and the two-phase case is that the la t ter is more difficult to 
handle because of the inc reased complexity in specifying the cont ro l -
volume density and enthalpy and in determining the driving head, friction 
l o s s e s , and acce lera t ion lo s ses of the sys tem. To i l lus t ra te this point, 
a plot of ph ve r sus p for 600 psia water in thermodynamic equil ibrium 
with the vapor and the same plot for a supercr i t i ca l p r e s s u r e a r e shown 
in Fig. 40. It can be seen that the slope of the 600 psi curve corresponds 
to that of supercr i t i ca l water at 4000 ps i . 

Since the ph product is a double-valued function of p, the fraction 
A(ph)/Ap can be posit ive, zero , or negat ive. Consider the case when A(ph) 
is zero and Ap has a finite value. This cor responds to the fluid entering 
the control volume in the subcooled state at the thermodynamic condition 
defined by [ph,p] and leaving in the two-phase region at the state defined 
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25,000 

by the s a m e two c o o r d i n a t e s [ p h , p ] . If A(ph) e q u a l s z e r o , the r i g h t - h a n d 
s ide of E q . D-4 i s z e r o ; h e n c e , the equa t i on cannot be s a t i s f i e d by th i s 

cond i t ion . T h u s , a t r a n s i e n t 
30,000 ,—,/!—, , , , , , , , , , m u s t deve lop to sa t i s fy the b a s i c 

e n e r g y and con t inu i ty e q u a t i o n s . 

E x p e r i m e n t a l and a n a l y t 
i c a l v e r i f i c a t i o n of t h i s a p p r o a c h 
for a s i n g l e - p h a s e s y s t e m is 
p r e s e n t e d in th i s t h e s i s . E x p e r i 
m e n t a l work by Levy and B e c k -
jo rd^49 ; and v e r i f i c a t i o n by the 
a n a l y t i c a l a n a l y s i s of R a n d l e s ^ ^ ^ ' 
e x t e n d s the a p p r o a c h to t w o -
p h a s e s y s t e m s . 

R a n d i e s found, t h r o u g h use 
of a d ig i t a l c o m p u t e r to ob ta in 
s i m u l t a n e o u s so lu t ions of the c o n 
s e r v a t i o n and s t a t e e q u a t i o n s , tha t , 
a t the v a l u e s of w a t e r subcool ing 
s tud ied in the Levy and B e c k j o r d 
e x p e r i m e n t , the ou t le t ve loc i t y a l 
ways i n c r e a s e d when the in le t 

v e l o c i t y d e c r e a s e d , and v i c e v e r s a ; tha t i s , the ou t le t a c c e l e r a t i o n i s a lways 
o p p o s i t e in s ign to the in l e t a c c e l e r a t i o n . Th i s i s a l s o the conc lu s ion d r a w n 
f r o m th i s a n a l y s i s . 

5,000 

30 IW 

DENSITY, Ibm/ftS 

Fig . 40. The Variation of the 
Density-Enthalpy P rod 
uct with Density along 
I sobars for Water 

Randies also found that at 50°F subcooling and 127 kw/ l i te r of power, 
the computer gave solutions for the flow which f irst exhibited strongly d i 
vergent oscil lat ions and then, at t = 3.4 sec , underwent an ext remely rapid 
fluctuation. This fluctuation resul ted in a flow r e v e r s a l with which the 
computer could not cope; hence, the calculations ceased. This condition 
cor responds to the approach of A(ph)/Ap to ze ro . 

The basic analysis and the exper imental r esu l t s in the l i t e ra tu re 
point to the fact that there a r e no simple or absolute c r i t e r i a for p r e 
dicting the t rans ien ts in diabatic s y s t e m s . This analysis points toward the 
thermodynamic condition of the fluid as being the most important factor in 
the initiation of sustained t r ans i en t s . Once the t ransient is init iated, the 
interact ion of the m a s s velocity with the momentum equation determines 
whether or not the t rans ient will be damped strongly enough to prevent 
further osc i l la t ions . If the damping is insufficient to damp the thermal 
driving force, sustained osci l lat ions will occur . 



APPENDIX E 
Tabie I 

SEllCTED DATA 

Run 
identity 

System 
Pressure, 

psig 

Pressure 
Fluctuation, 

psig 

Power 
Input, 

l(W 

Inlet 
Temp of 

Heater, »F 

Outlet 
Temp of 

Heater, °F 

Apof 
Venturi, 

psi 

Change in 
Venturi Ap, 

psi 

Frequency, 

cps 
Remarks 

Loop No. 1 

16 Oct. 62 1 
Roil No. 1 

2 

3 

16 Oct. 62 1 
Roll No. 2 2 

3 

5 
6 

17 Oct. 62 1 
2 
3 
4 
5 
6 
7 
8 
9 

18 Oct. 62 1 
Roll No. 1 2 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Roll No. 2 1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

23 Oct. 62 1 
Roll No. 1 2 

3 
4 
5 
6 
7 

Roll No. 2 1 
2 
3 
4 
5 
6 

7 Nov. 62 1 

8 Nov. 62 1 
2 
3 
4 

9 Nov. 62 1 
Roll No. 1 2 

1 Oct. 62 1 
Roll No. 2 2 

3 
4 

3 Oct. 62 1 
Roll No. 1 

505 

505 

505 

503 
505 
505 

505 
505 

505 
507 
505 
505 
525 
525 
525 
525 
525 

520 
505 
505 
505 
505 
505 
505 
505 
505 
505 
505 
505 
505 
525 
525 
525 
525 
525 
525 
485 
485 
485 
485 

406 
505 
505 
505 
505 
335 
335 
505 
507 
507 
460 
60 

555 

605 

485 
494 
600 
465 

496 
510 

515 
500 
500 
500 

500 

±18 

± 4 

±10 

± 5 
± 5 
±18 

±20 
±20 

± 8 
±10 
±30 
±20 
±20 
±15 
±11 
±22 
±25 

±20 
±27 
±20 
±17 
±10 
±15 
±12 
±10 
± 5 
±12 
± 9 
± 5 
± 7 
±16 
±16 
±12 
± 5 
± 5 
± 5 
±17 
±12 
±12 
±15 

± 2 
± 4 
±11 
±17 
±25 
± 7 
± 6 
±50 
± 2 
± 3 
±10 
± 2 
±25 

± 7 

± 2 
± 1 
± 4 
± 5 

± 2 
± 2 

±10 
± 1 
±11 
±25 

± 2 

4 

6 

6 

8 
8 
8 

8 
10 

10 
10 
10 
12 
6 
4 
8 

10 
12 

14 
6 
6 
6 
5 
5 
5 
4 
4 
3 
3 
2 
2 
6 
6 
4 
2 
2 
2 
6 
5 
4 
3 

6 
10 
10 
10 
10 
9 
6 
6 

18 
18 
12 
4 
8 

4 

4 
li 
3 
6 

14 
8 

3 
3 
4 
5 

8 

257 

195 

247 

232 
233 
239 

251 
248 

198 
221 
248 
238 
247 
261 
245 
248 
243 

225 
251 
245 
245 
246 
253 
250 
253 
254 
260 
261 
266 
265 
249 
247 
261 
274 
279 
279 
245 
247 
251 
259 

262 
274 
270 
263 
254 

228 
246 
277 
278 
243 

246 

268 

274 
277 
291 
274 

276 
285 

275 
302 
266 
269 

282 

278 

231 

276 

268 
270 
275 

284 
285 

242 
262 
283 
281 
275 
282 
278 
283 
280 

265 
281 
272 
273 
271 
276 
274 
274 
274 
277 
277 
279 
278 
276 
274 
281 
285 
289 
290 
271 
276 
275 
276 

277 
296 
290 
293 
289 
220 
255 
279 
302 
302 
281 

281 

290 

290 
285 
304 
248 

295 
299 

Loop No. 

292 
315 
290 
292 

301 

0.75 

1 

1.1 

1.1 

1.25 
1.5 

1.0 
1.15 
1.35 
1.5 
1.3 
0.75 
1.0 
1.35 
1.35 

1.35 
1.30 
1.30 
1.35 
0.80 
0.80 
0.80 
0.75 
0.70 
0.60 
0.60 
0.45 
0.45 
0.85 
0.85 
0.80 
0.45 
0.45 
0.45 
0.80 
0.75 
0.80 
0.65 

0.85 

0.80 
0.45 
0.70 
1.1 

2.5 
2.4 

> 
0.40 
0.35 
0.55 
0.75 

1.30 

±3.5 

±3.0 

±0.1 

±3.5 

±3.5 
±3.5 

±0.3 
±0.2 
±3.5 
±2.5 
±3.5 
±3.0 
±2.5 
±3.5 
±4.0 

±4 
±3.5 
±2.0 
±2.0 
±0.7 
±0.7 
±1.5 
±1 
±1 
±1.5 
±2.0 
±2.0 
±2 
±2 
±2 
±3 
±1 
±1 
±1 
±3 
±2 
±2 
±1 

±2 

±0.5 
±0.25 
±1 
±0.10 

±0.5 
±0.1 

±3 
±0.25 
±2 
±3 

±0.5 

15 

24 

17 

18 
15 
17 

15 
15 

21 
20 
14 
16 
9 

16 
17 
15 
15 

14 
15 
16 
16 
16 
16 
16 
16 
15 
14 
14 
14 
14 
15 
15 
14 
12 
11 
11 
15 
15 
14 
14 

0.16 
8 

10 
10 
12 
1.5 
0.15 

15 
7.5 
7 
1.6 
0.2 

16 

14 

10 
10 
10 
1.5 

8 
6.6 

13 
9 

16 
14 

9 

Reduced pressure to 475 psig. 
Loop became stable. 
Initial transient, 4 to6l<w, 
ApvOff. 
Reduced pressure to 473 psig. 
Loop became stable. 

Initial transient 
A periodic heating type transient 
Reduced pressure to 490. Loop 
became stable. 

Initial transient 

Transition to two phases 

Subcooled 
Subcooled 
Cooling down 
Cooling down 
Cooling down 
Heating 

Cooling down 



# 

• 

93 

NOMENC L A T U R E 

A H 

c 

d 

Di 

E 

f 

F 

F ' 

g 

G 

h 

J 

L 

n 

N 

Q 

t 

T 

V 

Vr 

z 

Zr. 

Cross - sec t iona l a r ea , ft 

Hea t - t rans fe r a rea , ft^ 

Velocity of sound, f t / sec 

Diameter , ft 

Lumped internal drag forces , Ibf 

Voltage a c r o s s tes t section, v 

Single-phase friction factor 

Total fnot ional l o s se s , Ibj/ft^ 

Fr ic t iona l loss per unit length, lbf/(ft^)(ft) 

Local accelera t ion of gravity, f t /sec^ 

Constant of proport ional i ty , 32.2 Ibj^-ft / lbf-sec^ 

Mass velocity, lbj^{sec)(ft^) 

Specific enthalpy, Bta/lhj-^ 

Integer denoting t ime position 

Length, ft 

Integer denoting space position 

Variable constant defined by Eq. I l l -9 

Mass flow ra t e , Ibj-n/hr 

P r e s s u r e , Ibf/ft^ 

Reference p r e s s u r e , ps i 

Linear ra te of heat input to fluid, Btu/(sec)(ft) 

Time, sec 

Fluid tennperature, °F 

Total volume of loop, ft-* 

Volume of subdivision, (Aĵ Azĵ ) ft^ 

Elevation, ft 

Length of subdivision, ft 

Greek L e t t e r s 

p Density, Ib^n/ft^ 

p E lec t r i ca l res i s t iv i ty , | iohm-in. 

T Time in terval , defined by Eq. I l l-16 

Superscr ip t s 

(") Bar over symbol denotes average value 

Subscripts 

n Denotes space position 

1 Inlet condition 

e Exit condition 
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