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The investigation revealed tha t ,  on the basis of the velocity structure, 

the hest transfer rate, and the flow regime, the flow and heat transfer of 

ordinary f lu ids  i n  a thermal convection harp having adiabatic horizontal legs 

is more nearly characterist ic of free convection than of forced convection. 

Above the e r i t i e a l  value of the Grashof modulus, which was about lo5, the flow 

deviated markedly from the l&nar structure.  

Repolds modulus was about LOO. 

The corresponding value of the 

m e  predicted and measure& values af the 

Reynolds modulus agreed t o  within 30 percent where the flow was laminar. Above 

the c r i t i c a l  value of the Grashof mdulus, where the f l o w  was transitional or 

turbulent, the method was not applicable and the agreemen-& WRS unsatisfactory. 



On the basis of a cursory appraisal, the h a p  boiler or t h e m 2  convection 

harp appears t o  have several advantages as a dynamic corrosion tes t ing device; 

the principle advantage seem t o  be the elimination of the pmp.. En order t o  

evaluate the overall  effectiveness of the device or t o  interpret  the data ob- 

tained f ~ o m  it, the corrosion worker would need information conceming the 

velocity and temperature styucture ; a satisfactory method for  determinTng the 

mean flow r a t e  would a lso be desirable. The purpose or" the present tmrk is  to 

furnish t h i s  informtion. 

I n  reference 1, Hackett describes the mass transport problem that ?\ms 

encountered in  the operation of the first mercury power p l w t  cycle around 

1925. !The iron was  relraved from the hot tubes in  the boiler and deposited 

on t h e  valls of the cooler part of the c i rcu i t  by the action o f  t h e  flowing 

mercury; t h i s  resulted in  choking or plugging i n  the cold tubes. Rackett 

mentions that A ,  J. Nerad and associates designed ''harp boi lem" that -were 

used in a research program ~ r b i ~ h  resulted in  the discovery tha t  the transport 

of iron was sa t i s fac tor i ly  inhibited by the aadition of titanium and magnesium 

t o  the mercury. The details of the research of Nerad, et .  al., were not 

published and the dynamic structure i n  their  hwps i s  not knovn. Hotl~evel", the 

information available about the harps from reference 1, together w i t h  the 

known physical properties of mrcury, pe-fmits one t o  estimate that the value 

of Grashof modulus vas suff ic ient ly  high t o  cause turbulent flow. A corn- 

pariaon of the physical properties and liquid temperature ranges for  water and 
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mercury indicates that the highest Grashof madtrlus at ta inable  with mercury f a  

about 500 times greater than that attainable w i t h  water i n  the saae s y s t e m .  

For this reasan the expected f l o w  regime: for  water or other ordfnary fluids 

(non-Piquid-metals) is  less certain.  

"he tern, ordinary fluid, is used tWuwhout the t e x t  t o  designate f luids  

having values of P r m d t l  modulus i n  the range from 1 t o  100. 

o r d i m  fluids, liquid metals are characterized by Prandtl m d u l i  of approxi- 

mately 0.01. The thermal structure of these two classes of fluids is markedly 

In contrast to 

different  i n  the turbulent f l o w  r eg im and it is thus necessary t o  different ia te  

between the two classes i n  hest  transfer systems. 

The f l o w  and heat transfer i n  a thermal convection harp is essentially a 

pproblenr i n  convection heat t ransfer .  

mensionless moduli of convection are the signif icant  pmarneters. 

report is writ ten pr incipal ly  for  those interested i n  corrosion or mass 

transfer rather than for  heat transfer special is ts ,  the plan of presentation 

bas been e-d t o  focus the at tent ion on the results as quickly a6 possible. 

For this reason the diseuseion of the experinrental apparatus and procedure has 

been relegated t o  the appendix; thus, .B brief  description of the primary system 

is desirable here. 

It is  natural, then, that the d i -  

Because the 

% 

The hasp used i n  th3s e q u i p n t  is essent ia l ly  the s a w  as the harp boilers 

of Mesad; faDwever, the design was mdified t o  f a c i l i t a t e  the nneasurements of 

fluid and wall teqeratures rznd to m&e the sylsteB more menable to analysis. 

The pr3.mry flow c i rcu i t ,  shown i n  Figure I, consists essent ia l ly  of a piece 

of 0.7 inch T.D. Pyrex tubing 79 inches long, bent in the form of a rectangular 
r 
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UNCLASSIFIED 
Dwg. 22730 

X ~ 0 . 5  f 
H = 1  (3)  
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H =  0.83 

HEAT IN 
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Fig. 1. Schematic Diagram of Primary Flaw Circuit of Thermal Convection 
Harp. (Showing Coordinate Systems) 
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b o p  and h%er-connected at i ts  twa ends, 

%he hot leg, (I) t o  (2), the upper connecting leg, (23 t o  (31, the cold leg, 

The loop described is indicated by 

( 5 )  t o  (4), atad the lower connecting leg, (4) t o  (J)* 

positions along the axis of the harp are designated by the values of the 

normalized axial coordinate, X. 

bends i n  the primary circui t .  

t o  (51, and the cold leg, provide access for the thermocouple probes. 

Tlsrouhl;hout the report 

The values of X are indicated at each of the 

The extensions at t h e  top of the hot leg, (2 )  

The velocity measurements were aade by timing the paths of suspended 

The authors had previously used th i s  technique i n  droplets in the water. 

anotker f ree  convection experiment, 

experiment t o  refine the technique t o  include high speed photography* 

v i s d  technique used here is not applicable for  highly turbulent flow or for 

veloci'cies greater than 200 fee t  per hour. 

It vas not believed desirable i n  t h i s  

The 

This report consists essent ia l ly  of two par ts .  The ffrst  is an analyt ical  

method fo r  predicting the Reynolds modulus i n  a harp fron w a l l  temperature data 

by a numerical solution of the P&naap flow heat conduction equation. 

second is the experimental measurements of the velocity, tuTbufenee, md tempera- 

ture st ructmes i n  the harp, 

The 



Dimensionless Moduli 

- normstlized temperatum? functrion @ :;: 8 
%,mx 

normalized buoyant temperature difference 

@Td ?$) gw,= - G r a S h O f  modulus based on d 

- Grashof modulus based on y 

Gz = RePr - Graetz modulus (note t ha t  Graetz modulus is  L 
a more often defined E?S ' Re???? -) 

hd 
G L 

- = k ?klSSf?1t ~ O d U l U S  

R e  = Reynolds modulus 

Pr = .zL Praniltl mofiulus 

J 

a 

Throughout t h i s  report the subscript m indicates t ha t  a me8n or" average 

has been taken. I n  a l l  cases it indicates an averaging process over the 

radial. coordinate i n  the following manner: 
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m e r  Case Letters 

a 

f 

g 

go 

h 

hO 

k 

n 

P 

r 

TO 

inside diameter of priraary c i r cu i t  (d = 0,695 inches); a lso 
d i f fe ren t ia l  operator 

f'unctional operator 

acceleration of gravity (ft./hr.2) 

dimensional constant = 4.1'7 x lo8 (ft. lb. / lb.  fir.') 

ver t i ca l  distance above the lowest point of the centerline 
of primary s y s t e m  ( f t . )  . 
(B/hr. ft.2 9) 

Convective heat transfer coefficient 

t o t a l  height of primary system (2.5 i?t . ) 
thermal conductivity -(B/hr. f t .  %) 

radial position i n  f i n i t e  difference grid (also used t o  
indicate number of velocity 0bserva;tions ) . 
pressure - (lb /ft .*) 
radial coordinate ( ft . ) 
rrraxirmmz radius of system = $ (ft . ) 

S ax ia l  position i n  f i n i t e  difference grid.  

t tenqeratuxe (9) 

t f mean fluid temperature used fo r  
evamt- fL perties (?I?) 

the minimum inside w a l l  temperature f o r  a given Data Set 
(occurred at X P 0.81) (9) & , ~ n  

u fluid velocity 

X axial coordiaa%e measured along centerline and s t a r t i ng  at 
botton of hot leg (ft.) 

Y axial coordinate measured along centerkine and s t a r t i ng  at 
tap of cold l eg  (fC.) 
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Upper Case Letters 

3 

c 

cP 

F 

G 

R 

K 

L 

*R 

UX 

R 

W 

X 

K.E. 

P.E. 

factors i n  f i n i t e  difference equation 

constant 

heat capacity -@tu/lb. 'I$ 

radius distribution function used i n  Appendix; a lso used f o r  
L Pm(%J2 
2i 265, 

( f t .  1b./fte3) f lu id  f r i c t ion  t e r m  F = X 

velocity dLstribution function used i n  Appendix 

normalized ver t ica l  coordinate = k (see Figure 1) 
ho 

factors defined i n  Equations 19 and 20 

distance around the primary c i rcu i t  measured along 
the centerline ( L  = 78.9 inches) 

nunibcr of radial  subdivisions used i n  the numerical solution 

ntmiber of ax ia l  subdivisions used i n  the numerical solution 

normalized radial coordinate R = 

dimensionless velocity = 2 
urn 

work done by f lu id  - ( T t .  lb./ft.3) 

nomialized axial coordinate = 5 
L 

rO 

(see Figure 1) 

Combined Upper Case Letters 

kinetic energy t e r m  i n  Equation (1) 
h 

potential  energy term in  Equation (1) 
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Greek Le%ters 

a 

B 

(s 

e 

e, 

mlecular thermal diffus i v i t y  - (ft . ‘/k .) 
thermal coef f i e  ient of exyassion of f l u i d  - (I/?F) 

free convection boundary Layer thickness (St. ) 

temperature level above base temperature B = t - h,dn, 
inside wall tempernixre level (%> 

(9) 

@w,- = %,laax - t,,min - the reaxirmrm variation in the inside 
wax1 temperature (T) 

friction factor X = A *f 

d 2% 

k 
& &  

where Apf is the presswe drop due to f r i c t i o n  

aymmic viscosity - 0% ./ft hr.) 

kinematic viscosity - (ft .2/hr$ 

radial distribution factor  used i n  Appendtx 

P 

P 
3 

P mass density -(lb./ft.3) 

at angular coordinate i n  the cylindzical coordinate 
system used here 
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I n  the application of a therm1 convection harp it would be desirable to 

know the mganitude of the Reynolds imdulus and the mount of variation of the 

Reynolds modnlus during the course af an experirent. 

f l o w  is Laminar t h i s  information can be obtained from wall temperature measure- 

For the case vhere the 

ments and a numerical analysis. 

such an analysis three qumt5ties must be known; khese arc the Grashof moduhs, 

911 order t o  predict the Reynolds modulus by 

the f r i c t ion  factor,  and the bu~yaa t  temperat-ure difference. The Grashof 

modulus ean be computed f r o m  the wall teaiprature data and the f l u i d  properties; 

i n  the present analysis, the f r ic t ion  factor for  isotherm1 laminar f l o w  i n  

long, st raight  pipes of circular cross section will be assumed. With these two 

quantities knom the dyiiaic equation f o r  a thermal convection harp is  reduced 

t o  a relationship between the Reynolds mdulus and the normtlized buoyant tempera- 

ture difference. T h e  prediction of the Reynolds modulus from wall temperature 

data fs then simplified. to %lie problem of the calculation of the buoyant 

temperature difference. 

The Dy-anic Equation fo r  a 
T l ~ e m l  Convect ion Ham 

The dynamic equation for  forced flow tlwough a duct of uniform area is: 

ap + a@&) -I- m -t- d(P.E.) + d~ = o . . . . . . . . (I) 
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Since the system of interest here is a closed Loop, the integration of the 

eqmtion around the Joap is wefW.. 

The kinet ic  energy term above, although not zero, was assume1, La be neg igible 

for  the present system. Since there I s  no pump l a  the system the work term is 

zero. 

and the fr ic t ion terms, or 

Equation (1) then reduces to a relationship between the p o t e n t i d  energy 

From the defini t ion of f3 get: 

Equation ( 4 )  is valid for a thermal convection harp i n  e i ther  turbulent or 

laminar flow. 

fixed; Equation (4) then becomes; 

Consider a system in which the geomtry and f lu id  properties w e  

From Equation (ha) it is seen that, if the f r ic t ion factor, h, ie k n ~ m ,  and 

if the normalized buoyant temperature difference, A%, carz be conputed, then 

the equation is reduced t o  a relationship Qetween the Repolds mdulus, Re, and 

the m ~ ~ i m u u n w a Y l  temperature difference, SW,-. 
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-0.2 X = 0.184 Rr~l . . . . . . . . . . . . .  (5 )  

~~lzen t h i s  expression is employed EQuation (4) beconesg 

The f r i c t i o n  fector expression for  the isothemal  lmiaar Tlov through a long, 

st raight  pipe o f  circular cross -sec:t;ion is ; 

x = 6 4 / ~ e  . . . . . . . . . . . . . .  (7) 

~e = -- ~ r d  a% . . . . . . . . . . . .  ( 8 )  

EuttTng ( 7 )  in (4) get; 

l l i l s  
32 I8 

Equation (8) is the dynamic q u a t i a n  for  a t h e m 1  convection harp i n  laminar 

flov. 

bends nor the influence of -the free convection enl;Pance regions on the f r ic t ion .  

These ideal.izations would tend to cause the R e p o l d s  modulus predicted on the 

basis of Equation (8) t o  be too large. 

The f r ic t ion  facto% postulated does not include the losses around the 

Calculation 04 A h  by Hmerical Solution 
of the Heat Conduction Equation 

In  order t o  employ Equation (8) to predict the Reynolds rrwdulus i n  a 

thermal convection harp one must be able ko determine the value of Acpb. 

snethod suggested here involves a numerical solution of the heat conduction equation 

The 



f o r  laminar flow. 

bacic egmtion the calculation procedure used in the present work w5lP be 

disetzssed.. 

The aethod 

M t e P  the method of caleuhtionhas been developed from the 

The 1Waar f l a w  heat conduction equation for  flow i n  a circuxar pipe is 

given be low : 

2 

For the present systerrm, due to the relative3.y large value of Cz (i) 7 tl-E 

axial conduction term can be neglected; in addition, to simprify the analpis, 

the velocity w i l l  be p o 6 t ~ h % e d  to be E% function only of radius. 

Equation { 9 )  becalaes: 

Thus, 

The velocity profile observed i n  t h i s  work did change with X ;  this var9ation 

could have been included in the numerical analysis but -the results of this work 

indicate that it was nut necessary. 

is : 

The f in i te  difference form of Eqaation (10) 
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The 

the 

one 

where 

Tix - nmiber of axial  subdivisions used 

WR - number of radial subfiivisions used 

syrribols s m d  n indicate the axial and radial locations respectively, i n  

f i n i t e  difference coordinate grid. From Eqwtion (11) it is clear  tha t  

computes the temperature for one axial increaent ahead, (st-1), from the 

knom values of the temperatures for the elements 8% the ax ia l  locations ( 8 ) .  

For the discussion t o  follow the f lu id  properties and the geometry of the 

harp system w i l l  be considered fixed. 

sidered t o  be proportional t o  the Reynolds modulus. 

or  (ll), is  of the form: 

The Graetz modulus can then be con- 

l’he solution t o  Equation (IO), 

Q(X,R) = fl C 1  Be, U(R), @,(X)) . . . . . . . .(12) ( 
A f t e r  Q(X,R) i s  known from the solution of Equation (11) the urem temperature 

c m  he computed. 

(P,(X) =/”..; Q(X,R) dR . . . . . . . . . . (13) 
0 

After transforming the nean temperature from the axial coordinate, X, t o  the 

vertical coordinate, 3, the buoyant temperature difTerence can be obtained. 



*he authors are indebted $0 Miss Phyllis Brorm of the 0RJTL Mathemtics 
Panel for haxrlng done the coding and prograJlmnjng of this problem, 
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Prediction of the Reynolds mdtllus 

The Reynolds mOdUlU5 is predictea by the solution af the d-ic 

Equation (8) and the heat conduction Equation (15) I 

on Re in Equation (15) and R e  is dependent on A% i n  Equation ( 8 ) ,  a repeated- 

trial teclmiquc is necessq. .  

Since A h  is dtependent 

Re  = ( -&hoG~~)Apb . . . . . . . . . . . .  (8) 
32 L 

AQ, = f2 ((21 Re, U(R), &ti(X,) . . . . . . . . .  (3.5) 

For a particular ~ystem, after the w a l l  t eqe ra tu re s  have been mastwed, 

4 3  the factors - , Gr&, C x 9  and %(X) are known and the equa%ions become: 
L 

R e = @ 2 A % .  . . . . . . . . . . . . .  (8a) 
and aq., = f3(~e, U(R) ) . . . . . . . . . . .  (1%) 

In  order t o  solve (13a) a value for U(R) rmtst be postulated; far th i s  

discussion. let it be postulated thwt the velocity is  uniform; tha% is: 

U ( R ) = I  . * , .  . a .  . . (16) 

The sygtemto be solved now becones 

A% = f4 (Repost ) . . . . . . . . . .  (15b) 
R ~ , ~ X ,  = C ~ A %  . . . . . . . . . .  (8a) and 

To obtain the yepeatea-trial solution, a va3.ue of Repost, is postula'ced in 

(lp) from which A% is computed.', This A h ,  when put in (b), yields a value 
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of R e C a ~ * -  

Tzc,,~, vemw Repos t , .  

Re,,l, = Repos+,., is the desired solution. 

Tcrs the conditions of "Data Set C." 

are given i n  RESULTS AKD DISCUSSTOH. The solution w a s  obtained for 4x0 values 

of U(R) that wem? believed t c r  be representative sf the extremes vhicb  might. 

be expected i n  the actual system 

trteasured as 111. 

distributions of U(R) = 1. and U(R) = 6~(1-3), respectively. 

From. repetitions of this  proeedux a graph can be plotted o f  

The intersection of th i s  l ine  with the equation, 

I n  Figure 2 the solution i s  shown 

The wall temperatwe data fo r  thia case 

For this case the  Reynolds modulus w a s  

'ifhe predicted values were 146 and 154 for postulated velocity 
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Fig. 2. Graphical Solution for the Predicted Value of Reynolds 
Modulus (For the Conditions of Data Set C )  



The experiments deserywd i n  t h i s  reporb vere pmformd for  f ive  different 

therm1 md dynamic conffgura-cions c% the syst.em; these, for convenience, w i l l  

be called Data Sets. In Table I the range of tlie i r q x n ? t a x k t  variables is  given 

for  each of %he Data Seta, For the bexiefit of. those readers who are not familiar 

w i t h  the meaning of the verious dimensionless moduli used i n  heat transfer these 

mo&ali have been grouped, i n  Ta3le 2,  according t o  3 l - o ~ ~ ~  thermal driving force, 

and f l u i d  properties. TBm, i n  a given experiment, where the fluid properties 

a d  Yne important dimensions are held constant the Reynolds nodulus and -the 

Graetz mo6~~lus are proportional t o  the mean velocity. 

modulus is proportional t o  t'ne temperature difference or the t h e m 1  driving 

force cmsing  the flow, 

Sirnil-arly, the Grashof 

The experiments were performed i n  Sow separate stages RS follows: 

Fi r s t ,  T o r  the csnditiorts of Data Sets B, C ,  D, and E,  w a l l  temperature messwe- 

merits were made and the velocity profiles were meamxed far Y?e axial position 

designated by X equal t o  0.677. 

measuremrsnts 'was moved t o  an ax ia l  position eorresponding t o  X equal t o  0.555; 

then velocity profiles and v a l l t e - ~ ~ e r a t u r e  neasuremezts were made for  con- 

di t ians  of Data Sets A and C. 

fluid teinperature profiles were measwed at the f ive  positions corresponding 

t o  values af  X equal to 0.076, 0.2155, 0.53, 0.63, Lmd 0.794. 

Second, the optical  device Used i n  the velocity 

Third, for the conditions of Da-ta Sets D and E, 

Finally, the 

apparatus bras  adJusted so that the velocity struct-we over the ent i re  length of 



A I w i n a r  ' 32-3 1 49.2 
I j 

B Laminar 52.4 84.2 
I 
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the cold leg could be observed. With the apparatus su adjusted, qixalitative 

observations of She velocity structure were &e for  the conditions of D a t a .  S e t s  

A %hrou;gh E, inclusive e 

E n  the discussion that follows the resul ts  are treated i n  four categories; 

l;hese &re the velocity structure, the ternpera%vre stmetme, the evidences of 

tu-b-aleme, m d  the comparison of predicted and masured Xeynolds moduli. 

The Velocity Stmcture 

Before studying the flow i n  a free convection harp, it m y  be desirable 

t o  reviev the boundary layer f l o w  for  the case of free convection along a 

ve r t i ca l  plate: 8 s  an aid i n  interpreting the velocity structure observed in  the 

harp used in  this experiment. Consider the case of a ver t ica l  plate  submerged 

in  a body of quiescent f luid.  Let the plate  be mintained at R uniform tempera- 

ture that  is  lover Y3.a.n the uniform f lu id  temperature. As indicated in  Figure 3 

the ve r t i ca l  coordinate along the plate, y, w i l l  be considered t o  be equal t o  

zero a t  the %op of the plate. The fluid near the pla%e will be cooled by the 

plate  and, aue t o  the buoyant force caused thereby, Yois fluid w i l l .  f l o w  i n  a 

downward direction along the plate. A t  a given leve l  the velocity profile i n  

the boundary layer near the plate w i l l  be as shown in  Figure 3 .  

plate  the boundaq la ye^ thiekness is zero and the velocity is zero. As one 

procedes down the plate  t o  greater values of y the boundary layer increases i n  

thickness and the velocit ies increase. During the  growth of the laminar boundary 

k~yer the flow remains laminar and the velcicity prof i le  retains essent ia l ly  tine 

scam shape. After some c r i t i c a l  value of y is reached the  boundary layer becomes 

thlck enough t o  becone unstable and trnsrsl-tion t o  a turbulent boundary layer 

At the top of 
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Fig. 3. Development of the Free Convection Boundary Layer Near A Cooled 
Vert ical Plate. 
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begins. 

the shape of the velocity profile and the law governing the growth o f  the boundary 

layer becomes different t o  tha t  foy the lamlnar boundary layer. The thickness 

sf the lamiizar boimdary Layer, 8 ,  a t  a distance y from the  top of the plate is  

given by the following equation developed by Squire, reference 2. 

Beyond Yle t ransi t ional  region the boundary layer becomes turbulent and 

GT . . . . . . . (17) s P r  t- 0.952 
Y 

- =  

tjultlplying both siaes of Equation (17) by d ana, solving for Z , get: 
d 

,4t the entrance t o  the cold leg, where the boundary layer thickness i s  sm.11 

compared t o  the  pipe d imeter ,  the boundary layer growth should be essent ia l ly  

ident ical  t o  that in  a f la t  plate system; however, as the boundary layer 

thickness increases, the influence of the circular geometry and of the forced 

flow continuity res t r ic t ion  would be expected to cause the boundary layer i n  a 

harp t o  grov a t  a fas te r  ra te .  

t h i s  experiment wiLh Equation (Y/a) it W ~ S  decfded that; the predicted location 

at which the boundary layer thickness was equal to d/4 would be more 

significant than a value of d/2. NOV, fo r  a Frandtl  modulus equal. t o  6.8, the 

number o f  diameters down fromthe top of the plate  at which the boundary layer 

thickness 2s equal t o  d/4 is computed. as: 

For the purpose of comparing the results of 
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H fie principal usefuhess of Equation (13) is t o  indicate tht, froa flat 

pla te  free convection boundmy Payer theory, one would. expect to observe the 

velocity prof i le  corresponding t o  %he meeting of the 1-r baundar;r layer in 

the cold Leg to OCCUT at grea.2;er values of y/d a8 Grd is increased, 

Ira reference 3 ,  Eckerct; and Smhngen, haxe measured the c r i t i ca l  value of 

the Grashof moduLus at which t rans i t ion  of the Lasliinas boundary layer to a 

twbu1en-b boundary layer for free convection may occur for the case of the flow 

over a vert-ical plate at EL uniform teaperatwe. 

Since 

Nuw let the flow observed i n  the cold leg of the  t h e m 1  convectton 

harp in the present expr imnt  be considered. 

F i g w e  4 are the result of qua.1.ftative observations of the cold leg with the 

apparatus adjusted t o  illuminate the entire cold leg. As a resu l t  of having 

traversed the borizonkal m d  adla3atic section of the harp and. having made the 

turn at the top of the cold leg the fluid enters the cold leg with essentially 

unifom temperature and velocity. 

properly classed as super~sed-free-a-fo~c~~-flow. Although the free flow 

C Q X Q O ~ ~ ~ ~  appears tQ be the dominant one, the forced flow aspect i I q p B e S  an 

important restriction on the flow; t h i s  is the continuity principle, To satis- 

f y  th i s  pyinciple the net f low rate through any section of the system must be 

The velocity profilea in 

The flow i n  a thermal convection harp is  

- 
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Fig. 4. Velocity Structure in the Cold Leg of Q Thermal 
Convection Harp (For the Conditions of Data Set E )  
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the sane, This meas tbat, in the harp system at a given axial location, the 

velocities in the center 09 the pipe must decrease when the velocities near 

the w a l l  increase; i n  some instances the center velocity would have to beeom 

nega.tive t o  satisfy continuity. 

or 5 diameters from the top of the cold leg, the free conveetion boundary layer 

has reached the  center of" the tube. 

velocities were observed in the cen%ral portions of the tube. 

diameters the free eonvedtion boundary layer bee- turbu1en-t and =re ef f ic ien t  

mixing of amentutn aad heat occurred causing the velocity profile t o  change to 

a mure unifom distribution sbrilar t o  tha t  sbotm at 17 d i e t e r s ,  

di t ions of Data Sets A and 3 the canter veloci t ies  never became negative and 

the change t o  turbrrlent free convection boundary layer never occurred. 

the conditions of" Data Sets C, 53 and E, the velocity prof i le  sequence i n  

Figure 4 is t;jrp.ieal. 

at  I greater wdue of y 88 the  Grashof modulus was increased; this is in 

agreement w i t h  Eqa t ion  (In). 

occm earlier fo r  greater valnes of Grashof mCldUlUSj this is i n  agrement w i t h  

Equation (I&>. 

In Figure 4, at the location of y equal to 5 ,  z 

At ten diameters d m  the tube negative 

A t  a r d  3.5 

For eke con- 

For 

The i n i t i a t ion  of the negative center velocity occurred 

The t rans t t ion  t o  tnrbulence was observed t o  

In  Figure 5 the masured velocity profiles i n  the upper portion of the 

cold leg are shown for the conditions of Data Seta A and D. 

velocif;y profiles for Bats Sets 3, c, D and E show the progressive growth of 

the laainar  boundary layep %ha% was described in  Figuse 4. 

intensity of the light scattered from droplets near the  center of the pipe it 

w a s  always difficult t o  obtain data for the first three stat ions.  

In Figure 6, the 

Because of the low 

This was 



-13- dL UNCLASSI F lED 
Dwg. 22734 
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0 

I 

DATA SET W J\ 
\ 

RADIUS- R 
Fig.5. Velocity Distribution i n  the Cold Leg of a Thermal 

Y Convection Harp at X=Q.555 (jj- -6) 
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200 

0 0.2 0.4 0.6 0.8 
RADIUS- R 

Fig. 6. Velocity Profile in the Cold Leg of a Thermal Convection 
Harp a t  X = 0.677 ( f=zo)  
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especially true for the case of Set D. By eoincldsnce, the t rans i t ion  

frora lanimr t o  tizrbu1cn.t bowadam- layer occurred far D a h  Se t  D at the position 

of observation.. 

sametimes l&.i-fi?,iir arrd s o ~ e t i m s  turbulent. That is  the reason for  the scatter 

i n  these data for Data Set D. In viev of this it -ciould have been permissible, 

perhaps, t o  draw ts$To profiles for  Data Set 13. Tie -~-elocity prof i le  fo r  Data 

Set E is  obviously turbulent. Although vel-ocity observations were not mde i n  

the horizontal or transverse sections of the harp one would expect the f l o v  

though  these sections t o  be t h a t  characteristic of the forced flaw associatxd 

with the value of the Reynolds nodu.lm. 

ment are well below the critical Repiolds modulus for iso-tbeml forced f l o ~ . ~ .  

Therefore one would expect the turbulence that was ini-ttnted in the cold or bot 

vertical. legs t o  be quickly d w e d  out i n  going through Yne horizontal legs. 

The fact; that the turbulence observed near the entr'mce to the  top of Yae cold 

leg was minimum. supports this bel ie f ,  

Thus, the flow i n  the center. of the pipe was unstable, being 

All the  Reynolds moduli i n  t h i s  experi- 

T'ne Temperature Structure 

The wall temperatures TT~P:: measwed at various locations i n  the hot and 

cold. legs. 

plotted in Figure 7. 

of Yne form of the ~ m l l  temperatwe data for  the various experiments. A t  the 

lower values of the Grashof modulus the wal.3. temperatures more nearly approached 

a square wave distribution; that isSiDw = 0 fo r  the cold leg  and So, II: 1 fnv the 

hot leg. 

1'3.12 +17all temperature data fo r  the conditions o f  D a t a  Set C rzre 

In Figwe 8 curves are shown which kdica te  the extremes 

In  Figures 9 a d  10 the f lu id  temperature profiles pedicted-  anti 
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X - NORMALIZED A X I A L  COORDINATE 
0 0.2 0.3 0.4 0.5 

1 .0 0.9 0.8 0.4 0.6 0.5 

X - NORMALIZED AXIAL. COORDt NATE 

Fig. 8.  Form of Wall  Temperature Distribution Curves for 
f he Present Work. 
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0 
1.0 0.8 0.6 8.4 0.2 0 0.2 0.4 0.6 8.8 4.0 

RADIUS - R 
Fig. 9. Comparison of Predicted and sured Fluid 

Temperatures in the Cold Leg of a Th 
Harp (For the Conditions of Data Set C) 

a1 Convecti on 
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I I I I I I I I I 
TH EORET IC A L  
PFEDlCTlON BASED O N  
U ( R ) = l  

X 
10 

T H EO R E T I C A L EX P E Fa I ME N TA L 
0.2155 A 
0.076 -- - - 0 

I I - '  \ 

I I 

a 2I LJ ' I I I I I 
I I I I I I I 

4.0 0.8 0.6 0.4 0.2 0 0.2 8.4 0.6 0.8 4.0 
RADIUS - W 

Fig. IO.  Comparison of  Predicted and Measured Fluid 
Temperatures in the Hot Le of C]I Thermal Convection 
Harp (For t he  Conditions of Data Set C )  
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I 

I 

i D a t a  Set B 0,152 0.103 0 .076 

Data Set C 0.158 0.108 

D a t a  Set D 0,159 0.103 

Square wave* 1-1-- 

D a t a  Set E 1 0.164 0.135 0.114 
I 

Data Set C 0,166 0.138 0 - 13.6 
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raeasined are compared. 

within the f lu id  t o  be greater thm that predicted by the Iaminnr f l o w +  

solution. Temperature profiles for  these sane axia l  locations we~e  a160 taken 

for  the case of Data Set E. The degree of? turbulence was even greater and the 

agreement between the preaieted and the measured fluid tempera.twes was not as 

good. For t h i s  reason the curves for  t h i s  case are not shmm. 

The presence of turbulence caused the tra.nsport of heat 

m e  normalized buoyait temperature differences computed f r o a  the 

numerical analysis w e  tabulated i n  Table ET. The decision to perform an 

experiment for  the conditions of Data Set A w a s  made after the =chine caleu- 

h t i o n s  haad been completed. 

Sets A and E3 were very sirailas. 

computed values of ah fo r  Data Sets B, C, and D are a h o s t  identieal. On 

the basis o f  theae two observations L t  w a s  decided t o  use the AG), values 

computed for  Data Set B in predicting the Reynolds modulus for  D a t a  Set A.  

"he "squme wave" calculation corresponds t o  the limlting value of the -wall. 

tenperatwe distributions f o r  these experimen%s 

The normalized w a l l  temperature data for  Da%a 

From Table 11 it c a n  be observed that the 

Evidences of Turbulence 

A description of the visual observations of the t ransi t ion t o  turbulent 

?low w a s  given earlfer. In  Table III m y  be seen the amplitude and frequency 

of the fluctuations i n  f lu id  temperature a% f ive axial positions i n  the harp. 

The miniram values occurred at  the wall and the mimum values occurred a t  a 

location between t h e  w a l l  and the center o f  the tube. Although it was not 

possible to obtain quantitative data on the in-kensity of turbulence i n  the case 
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of the visual observations of the droplets, the quali tative observations do not 

disagree with the data in Table 111. 

It i s  interesting here t o  con-kemplate wha.t the equivalent f r i c t ion  factor,  

X, might have been for  these expri;nents, It is  recalled that; for  the cases of 

Data Sets C m d  E the temperatme profiles i n  f lu id  ~n.ere measured a t  f ive 

different positions within the 1ia.rp. From these data f ive values of the man 

temperature can be computed, a d  from these f ive mean temperatures the buoyant 

temperature difference can be determined. 

cedure the result ing buoyant texperature difTerence is tha t  actually existing 

i n  the  f lu id  and i s  not a, computed one. 

were very sbnilar t o  those computed by tine numerical analysis, one e a i  establish 

f a i r l y  accurately the mean tenperature curve on the basis of only f ive man 

temperatures. 

convection harp was derived as: 

Within the accuracy of t h i s  pro- 

Since the s.ctual temperature ei~mes 

It is recalled t h a t ,  ea r l ie r ,  the dynamic equation for a thermal 

Ka = A% . . . . . . . . . .  (20)  
( )tal. 

For the two D a t a  Sets, C and E, now being discussed, all parmeters i n  

Equation (4 )  have bean determined by measurements i n  the experiment except the 

friction. factor,  X ,  which can then be computed, The "iwo values of f r ic t ion  
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fac tor  thus determined are indicated in  Figure 11 as measured values of X. 

In Eqgations (17) and (18) the  factors Kh and 

t h e m 1  lasninar flow i n  a long, s t ra ight  pipe of‘ c i rcular  cross section, the 

are defined. For the iso+ 

value of Kx is equal t a  unity. The e f fec t  of elbows, bends o r  turbulence w i l l  

tend t o  increase the value of Kx. 

the  computed value of A h  is accurate. 

A value for  % equal t o  unity indicates t ha t  

It is  interesting t o  note here that 

the calculated value of A% may be quite accurate even f o r  the case where the 

temperatures from which it w a s  computed are i n  rather great error.  It is re- 

cal led .that i n  Equation (15%) the value of A& calculated was computed f ron  

a postulated v a h e  of Reynolds modulus. It wi l l  be assumed here t h a t  the value 

of Q is equal t o  unity when the A% calculated is based on the experinnentally 

determined Reynolds modulus. Putting (17) and (18) i n  (4)  get: 

On the  basis of the  postulate t h a t  IC, i s  equal to unity (gb) is reduced t o  ( 8 c ) .  

L C  . 

Bow it is necessary to refer t o  Figure 2, where the graphical solution was  

obtained fo r  the conditions of Data Set C. 

that, for a postulated Reynolds modulus equal t o  that which was measured i n  the 

experiment, the value of %he ordinate is equal t o  the product Kx times Reynolds 

modulus. 

From Equation (8c) it is seen 

Putting t h i s  in Equation (ls), one can compute the value of Kk; f r o m  
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I 'I%-- I T-7 
MEASURED VAWES OF X 13 
VAL-UES OF ESTIMATED FROM ANALYSIS 
IN WHICH T H E  POSTULATED VELOCITY 
PROFILE WAS: 0 U = 1 

Q. L J = 6 R ( I - R )  

AVERAGE STRAIGHT L INE THROUc 
LAMINAR FLOW POINTS 

A 
--a 

ISOTHERMAL LAMINAR 

CIRCULAR PI PES 
.- FLOW IN LONG STRAIGHT 

LAMINAR FLO ~ TRANSIT ION AND T U R B U L E N T -  
FLO w 

400 
0.2 

40 60 ao loo 150 200 300 

MEASURED REYNOLDS MODULUS 

Fig. 1 I .  Measured and Estimated Friction Factors for Thermal 
Canvectian Harp. 



the value of Kk and Re,  one em conpate the value of X. 

based on Figure 2 m y  be helpful here. 

modulus masarea i n  the  experiment based on the conditions of Data Sets C 

was U1. 

equal to 111 a r e  170 and 5-74 respectively. 

Kx t o  be 1.43 and 1.565 respectiveXy; the corresponding values for X are 

0.882 and 0.902, respcct%vely, 

values of estimated friction factors given in  Figure 12.. 

interesting observations concerning Pigme 11. 

similar i ty  between Figwe 11 and a similar p lo t  for  the isothermal forced flow 

of a fluid through a system b v i n g  several bends. A signif'icant difference i n  

A nmerical example 

It is recalled that the Reynolds 

From Figure 2 .the vaXues of the ordinate for a value of the abscissa 

From this ,  one c o q n t e s  values of 

This procedure %?&E! used t o  obtazin each of the 

There are t w o  

The first is the striking 

the two cases is the value of Zeynofd8 mod?iius at which transition t o  turbulence 

occurs; fo r  the harp this vaS-ue was lXOJ while f o r  the forced Plow systeaz it 

would be about 20 times greater, or 2200. 

is the good agreemen% between the two different  methods wbich were used for the 

The second interesting observation 

Dsuta'Sets C aad E l  P i w e  11 is presented as a mkter of interest, 

not far use s.s a source f a r  quantitative information concerning friction factors, 

One could determine the friction factor in 8 harp rather ~ccurat;ely from masure- 

nents of f lu id  teafperature and man veXocity. However the nmber of t e w r a -  

t a r e  data necessary would be much greater than mi obtained here. 

In ror rek t ions  of he&$ transfer, f r ic t ion ,  mass transfer and similar 

phenomena %he t rans i t ion  from huinar flaw to twbulent f lm is usually easily 

recognized by an abrupt cbmge i n  the slope of the curve. 

to note that i n  Figure 12 the indicatian of a change i n  flow regime agrees 

w i t h  the other observations previously discussed. 

It is interesting 
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Ckmparison of Measured and Predicted Reynolds Moduli 

The predicted value of R e y n o l d s  mc&iLtm is  plotted. i n  Figure 15 versus 

the meastared value. It is recalled that, for these psedictfons, the f r i c t ion  

factor  was postulated t o  be the same as that  fo r  isothermal I&nss f l o w  i n  a 

long, st raight  pipe of circular  cross seetion. 

prof i le  and the bends in the harp would cause the effective friction factor to 

be greater than the postulated one ; consequently, the result ing predict ions 

would always be too high. The velocity profile m s  observed to vary w i t h  axial 

position; for the coolputation of the 'chermEL1 structure the velocity profitle was 

postulated t o  be constant. 

be t te r  than 3@ in  the range of Reynolds moduli where the f h w  was laminas. 

For values 09 Reyaolds lzzodulus greater than 100, where the flow was observed 

t o  be turbulent in part of the c i rcu i t ,  the prediction was not good. 

The non-isothermal velocity 

F r o m  Figure 13 it is seen that the correlation is 

The ideal  s y s t e m  or  thought model employed in the development of the 

equations used t o  predict the Reynolds modulus was a forced flow model. 

the discuesian of the experimental results the authors have emphasized the 

free f low mttlre of the dylarnic structure. 

flow is described mre accurately as both free and forced or superimposed-free- 

and-forced-flowo 

Ecpation (20)  which sa t i s fac tor i ly  correlated a vast qUa;ntity of heat transfer 

da%a for the ease of su~r~sed-fTee-a ;nd- foreed  laminar flow convection In a 

vestical pipe of circular  cross section an& having a uniform w a l l  temperature. 

In 

It was previously stated tha t  the 

Hmtine l l i  and co-workers i n  references 4 and 5 derived 



-- 48- UNCL ASS! FI E D  

POSTULATED VELOCITY 
DISTRIBUT SON : 
0 U = l  
A U = G R ( l - R )  

10 
1 

MEASURED REYNOLDS MODUL.US 

Fig. 13. Comparison of Predicted Reynolds Modulus and Measured 
Reynolds Modulus. 
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The w a l l  terngerattares i n  D a t a  Sets A and B aTproximated this condltion i n  

each of the ver t ica l  legs. 

f l o w  convection as forced, f ~ e e ,  or U e d  flow, depending on the influence 

t ha t  neglecting one of the terms would have an t h e  EJusselt modulus. 

et .  al., i n  reference 6, have suggested such a classif icat ion for the case of 

One m i g h t  use Equation (20) t o  c lassi fy  laminar 

Eckert, 

very short. tubes (L/& = 5 ) .  

modulus as computed i n  Equation (20) I s  1% lower when the forced f l o w  inf lwnce 

is neglected than when both are considered. 

free-and-forced-flow in  the vertical legs of a thermal convection harp is mre 

character is t ic  of free f l o w  than of forced flow for two reasons; first, the 

success w i t h  which the growth and transition of the boundary layer was described 

by a free convection model; second, the fact that the forced f l o w  component 

contributed only 16% t o  the Hwselt modulus as computed from Eqwtion (20 ) -  

For the conditions of Data Set €3 the  Eusselt 

It would seem that the superimposed- 

)[. 
The factors FJ, and F2 in Equation (20)  are not constants 
consult the o r i g i m l  reference where the complicated variation of these 
factors with Eu and Gz is given. 

The user should 



Eleperiments were performed for  the free  Plow of water i n  a 0.'7 inch 1 . D .  

Pyrex thermal convection harp having an effective height o f  2.5 feel;, 

ments were conducted for  f ive different se ts  of conditions corresponfking t o  

ranges of Grashof moduli and Reynolds moduli of 2 x 10 

270, respectively. Velocity measurements were made iil t'ne cold leg  of the harp; 

wall temperature and f lu id  temperature traverszs were rnacle i n  both legs, 

method was proposed for  predicting the Reynolds modulus from wall temperature 

data by means of a numerical solution of the laninar flow heat conduction 

equation. 

submitted: 

The experi- 

4 1 t o  70 x 10' and 50 t o  

A 

On the basis of these investigations the following conclusions are 

1) I n  any forced f l o w  -&here a radial temperature difference 

exis ts  these is  a superimposed free convection effect, and, 

depending on the relat ive magnitiAdes of t h e  Reynolds modulus 

and the Grashof modulus, the t w o  phenomena may be o f  equal 

importance or one may be negligible. 

seems t o  be OB secondary importance for the flow of ordinary 

f luids  in  the ver t ica l  legs of a therm1 convection harp for  

two reasons ; f i rs t ,  free convection cquG=kions sa 

The forced flow influence 

t e d  the "7th 

-the cold lee;; second, the forced flow eorrrpoxien% contributed 

only 16% t o  the Nusselt modulus as computed from the 14ax%inelli 

equation for superimposed free and forced viscous convection i n  



haEf of the hot and cold legs t o  'be Ln turbulent flow, 

!Thus, the &mint% flow reghe for this harp mmt be con- 

sidered to be belo% a Eeynolds ntoduhs of 200 rather than 

around 2000, the familiar value for i s o t h e m l  forced 

flaw. 

"be predicted values of the Reynolds modulus were con- 

sisteatly greater than the waswed values. 

range of Beynolds moduli belaw 100, where the f low w a s  

essezi t ia lu  ai-, the correbt lon was better than SO$.. 

In t fae  turbulent reg- the zretlzod is not applicable, 

The I1El.tuse of %be flow in a thermal convection harp is 

great ly  iafluenced by two factors: 

the f lui& and t k  m e r  i n  which heat is added and 

remcved* 

m y  vary m&es it impos6ibke to perform a general 8mal;Ysis 

that; is applicable to aJtl cases. This w o r k n s  done for a 

fluid having a moderate value of kinemstfc viscosity; 

3 )  

In the  

4) 

the pmperties of 

!&e wide s p e c t m  over which each of these factors  

... .. ., : 

: < ../ 
. L  

. . .  . . . v  .. . 
I . .  
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transitional flow was observed. 

highly turbulent f l o w  for fluids of low viscosi ty  sueh BE; 

liquid metals and definitely lamjnar flow far  highly viscous 

fluids .I 

One would expect t o  obtain 
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A p - p r a t w  and Procedure 

The d@ssLgn of the harp was begun with the  premise t h a t  the velocity 

mewupemnts would be &e by the visual observation of suspended dropletEs 

in the primary fluid.  mis made i% necessarythat  the walls be tramparent 

and it essentially dtctated the m t W  of heat addition and reaciv8.l that w a s  

used. During the course of the experbent a concerted e f fo r t  was expended toward 

minimizing the cost of the apparatus by using onlythose materials and instru- 

ments that were on hand. 

H a r p  arrangemnt 

The primary flow c i rcu i t  of the  hEarp consisted of 0,695 

tubing w i t h  a effective hei@ of 30.4 inches and a canterline length wound. 

the loop of 78.9 inches. 

instal led t o  provide access t o  the hot leg fo r  w a l l  and fluid tarqperature 

themcouple  probes; t h i s  extension was insulated to redzrce heat lass t o  the 

air .  

of the four legs was provided writb 

inch I .D.  Pyrex tubes over the Length of the legs. 

The hot leg externion, tm shown in Figure 14, was 

A similaz mans of aecess was provided for %he top of the cold leg. Each 

heat exchanger by the attachment of 1.2 

The exchangers on the upper 

and lower connecting legs were never used 88 heat exchangers; hmver they 

did serve t o  s0mevha.t insulate these legs from the air and reduce heat losses. 

Heat was removed from the cold l eg  by circulat ing cold water from the build- 

supgSy through the cold leg exchanger, 

exchanger i n l e t  l ine pemi t ted  the building hat and cold water t o  be mixed t o  

obtain the aesired hot leg exchanger inlet temperature. 

were installed t o  permit measmenent of inlet and out le t  exchanger temperatures. 

Wee  needle valves on the hot leg 

Thennocouple w e l l s  
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Tlle secondary flow was measured by rotorneters. 

~.t&s maintahed at one gallon per minute Tor all experiments perfomd. 

order t o  s t ab i l i ze  the flow i n  the ugipes and kmer connectfng legs these legs 

The flow rate t o  each exchanger 

In 

were inclined Prom %he Imrizontal or ientat ion axxd the hot e& cold legs were 

chosen so tha t  the f l o w  from the hot leg to the cold leg t ~ o ~ l d  have 

conrponent. 

measurenent,~ is shown attached t o  the cold leg. 

upward 

In  F igwe  15 the box enclosing the optlical arrangement for veloci-by 

Instrunentation for veloci ty  measzlsements 

The velocity profiles were measured by timing the  t ra jectory of o i l  

droplets  viewed i n  their  scatterecl ligl.t;= The t i m e  fo r  a droplet to traverse 

the distance between t w o  horizontal marks separated by a v e r t i c a l  distance of 

one inch wa3 measured with a stop watch; simultaneously, by reference t o  v e r t i c a l  

alignment mmks, the  r ad ia l  positicm of the droplet was observed. 

view of the arrangement for the vertical  a f i p w n t  marks is shown in Figure 16. 

The plan 

Prom the resu l t s  of a refraction analysis four alignment marks were 

scratched on the  front and rear p l a s t i c  plates shown in Figure 16; when the 

plates vere prayerly digned, the line of sight cut through the test sect ion 

at radii of f, 0.2 and 2 0*6 along a radius perpendicular t o  the l i ne  of sight.  

A similar set of plates  were used to align the li&% beam. 

the front and rear pla tes  was aecoaplislrsed with the aid of a third plate that 

w a s  inserted i n  the primary system during alignment. A sealed be= spotlight 

was  used as the l i gh t  source; the l i g h t  was co l l imted  with a s l i t  system so 

th& it illtminated a zone of the t e s t  section 0.2 d i n  width at the  center of 

the tube. 

The alignment of 

The .plastic box enclosure prevented condensation on the cold exchanger 
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Pig. 15. Thermal Convection Harp. 
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Fig. 16. O p t i c a l  Arrangement Used in  Measuring P a r t i c l e  Velocit ies (Plan View) 
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w a l l ;  black masking tape on three sides of the box served t o  reduce the randam 

light from the laboratory. 

w a s  insufficient at  an angle of 90' t o  the beam. 

available a t  85O, so the observations were made at that angle. 

l ight w a s  intense a t  an angle of about 135'; this i s  the angle a t  which the 

qualitative observations were made. 

of the l ight beam and the second collimating s l i t  may be seen. 

viewed the apparatus fromthe l e f t  of the photograph. 

Instrumentation for  temperature measurements 

The scattered l ight intensity fromthe droplets 

Satisfactory intensity w a s  

The scattered 

In Figure 15 the view is in the direction 

The observer 

The thermocouple probe used for  measuring the internal wall temperature 

is shown i n  Figure 17. 

the thermocouple wires t o  be pressed against the Pyrex pipe w a l l  f o r  approxi- 

mately 0.5 inches above and below the thermocouple junction. This served t o  

reduce the error due t o  conduction along the w i r e s .  

The spring action of the two pieces of piano w i r e  caused 

The thermocouple probe in  Figure 18 w a s  used t o  xneasure the fluid tempera- 

tures. 

coated with a 0.001 inch layer of Teflon. 

up through a three foot length of themcouple-lead tubing. 

lead tubing was held i n  place by a two inch long guide tube. 

kept the guide tube against the wall of the Pyrex tubing. 

the thermocouple-lead tubing a t  each end of the guide tube served as thrust 

beaxings; th i s  permitted rotation and prevented axial translation of the thermo- 

couple lead-tubing relative t o  the guide tube. The themcouple-lead tubing 

extended two  inches below the guide tube; a t  th i s  point the thermocouple leads 

emerged and extended radially t o  the center of the pipe. 

The thermocouple wires used here were 0.003 inches i n  diameter and were 

The themcouple-leads were brought 

The thermocouple- 

Piano wire springs 

Small shoulders on 

A pointer and protractor 
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arprtmgemen-b 

to hd1cate the angle of rotation of the thermeouple junction- 

assembly 'haB been positioned at the desired axial location the themcouple was 

rotated unt i l  the junction touched one w a l l  of the pipe. 

locating the position. of the pipe w d L  w a s  less than t w o  degrees of arc; this 

corresponded t o  831 error in radius o f  less than two percent. 

%,UTE: profiles c o d d  then be measured by th i s  device at various axial. positions 

in the hot and cola legs. 

the top of the hot or cold leg extension was used to control a d  

When the 

The uncertainty in 

The fluid teqera- 

%en the voltage respunse from the thermocouples was steady the measure- 

Bent was made with a keds md Nofihrup Portable Precision Po ten t imte r .  In 

the tuxbu1en-f; regionk , when the temperature was  fluctuating, the themcouple 

voltage was recorded on a Brown s t r i p  recorder. 

Experimental procedure 

The flow in the psmry circui t  of the harp was set  and maintained by 

controlling the in le t  temperatwes of the two heat exchangers %hat comprised 

the secondary circui t ,  

one gallon per minute for each of the experiments. 

ture remained essentially uniform throughout a given run. the factor that was set 

am3 controlled was the difference between the hot and cold exchanger inlet tempera- 

Lures. FW Data Sets B, C, D, and E the value of t h i s  tempratuse difference 

was 7.5, 15, 30, and 60 degrees F., respectively. 

teaperature difference for d l  runs comprising a Data Set was five perceat. 

The flow ra te  through each exchanger vas maintained a t  

Since the cold water tempera- 

The maxjlnum variation in  this 

The velocity m s  usually required six hours; one how for the system t o  

reach steady state a d  get the optismxm distribution of CiropleLs, four hours t o  

make the 200 t o  250 velocity observatfom, and one hour to measure the w a l l  
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temperatures i n  the hot and cold legs, 

-t’raese observations were of the order of 0.01 inehes in diameter. 

observations wept? FLU. made i n  %ha.% hdf of the cold leg near the entrance of the 

l i gh t  became the intensity of the light scattered. f r o a t h e  droplets i n  the  

other b l f  ~ 8 %  too Iow ta permit sa%isfac-t;o;”y observakionsd 

vations were made i n  the hot leg because t h e  ms5 depos;ft on the  tr&Is of Yne 

hot leg exchanger reduced the v i s i b i l i t y  rather greatly. W i t h  the aid of the 

four visual  alignment bines and .the two forwd by the trails of the  test section 

the amplets were observed. to be in one of the ten radial comp~kments as shown 

i n  Figure 19. 

The smallest division on the watch WEB 0,02 seconds; it can thus be safely 

The Merim Unity Oil droplets used in 

The velocity 

Bo veloci ty  obser- 

The timing was aonc with a stop watch having a weep second h a d .  

assunzed. t ha t  the error  in measuring the time was due en t i r e ly  t o  the observer’s 

limitations e 

Treatwnt of Velocity D a t a  

The BnaSysis of the velocity data  would have been simplified i f  a beam of 

width equal t o  0,02 d could have been used instead of the value of 0.2 d t h a t  

vas used. With the former value of beam Wld-Cb the varlatian of the raaius in 

a given coqartnesff; could have been considered negligible f o r  the purposes of 

t h i s  work, Due t o  the turbulence, the droplets sometimes had re la t ive ly  bigh 

veloci ty  components i n  the radial and angular dkrectiom, 

had been made in a shorter t i m e ,  and therefore fo r  a shortes distance, or if 

the f l o w  had been l&w tkrotaghout the experbent the sl.aaller beam width could 

bave been wed. 

If the observations 

A timrlne; disteace of one inch wasp, chosen as the o p t i m  length 
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1% was decided t o  use the a i thme t i c  average of the experhentally observed 

veloci t ies  as the representative OT unique velocity for that compartment. 

m t h e m t i c d l y ,  for n observations i n  the i t h  corapaxtlxlent the average velocity 

is : 

Stated 

M 

Let G i ( u )  du represent the fract ion of the droplets i n  the i t h  compartment 

hntving a x i d  velocity components between u nnd u + du if  an inf in i te  nuniber of 

observations had been made. If u, md represent the minimum and maxbum 

velocit ies,  respectively, i n  the i t h  eoqsr tment  then the average velocity is: 

ui = u @B(u) au . . . (22) 
- /” Ifa 

obviously 

In th i s  report it was decided t o  use a vdue  of n equal t o  20. In 

analyzing the data it is assumed that: 

C I  

ui = u i  (20) . . 0 0 . 0 * . . (24) 

‘Phe velocity ranges i n  the various compartments for  two typical runs are s b m  

i n  Table IV. 

The remning  problem is t o  calculate the value of that is correct t o  

m e  in plott ing Let Fi(R) dR represent the fraction of the droplets i n  the 



Ve ~ Q Z  i t y  Range 

1 

2 

3 

4 

5 

6 

7 

8 

9 

1 

2 

3 

4 

5 

6 

7 

8 

p -10 

Bun No. 7 - Data Set B 

22 34 " 5 

24 55 *8 

29 57 * 4 

20 74 

24 75 

26 74 -4  

21 80 

33 69.6 

22 48*6 

R a n  Eo. 12 - Data Set E 

24 

23 

23 

24 

26 

22 

22 

32 

130.2 

150 

158.4 

185.6 

183. 

186 4 

179 -2 

1?S 6 

a04 * 2 

53 - 243. 

50 - 154 
62 - 152 

77 - 131 

75 - 197 

77 - 127 

68 - 120 
66 - 130 
58 - 136 

64 - 192 

63 - 133 

63 - 146 

73 - 145 

57 - 166 
73 - 147 

57 - 140 
611. - 14-4 

45 - 161 
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5th compartmen.t having a radial position between I3 axid R + dR i f  an i n f in i t e  

nmibcs" of observations are mde. 

m e n  

Fi(R)dB G ~ ( u )  du . 0 0 .  (25) 

%Tow l-et it be postulated that the veloetty profile can be sa t i s fac tor i ly  

represented by a linear function within the bounds of each comp3.rtmn% or: 

 or saaa1.1 compayutmnts tplis is permissible. Combining (25), (26) ,  and (s), 
get: 

R i  = B F i ( R ) d R  0 0 0 o (28) 
- JRb R a  

Presuming a random distribution and choice of droplets, l e t  it be postula-bed 

that the probability that a given droplet, observed t o  be i n  the i t h  compartment, 

i s  i n  the elemental area R dR apr i s  equal t o  a d is t r ibu t ion  factor, 5 , t l m s  
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If the flow h i  been. perfectly s t r e d i n e  a value for e q m  t f d  UrZity 

would be correct. 

measuring distmce before disappearing from view oa-bide the beam. 

suggests that the probability of obtaining the velocity of dmglets was geater 

fsrp locations i n  the c e ~ t e r  of‘ the beam than Far those mar the edge of the 

bean, 

w f t y  at the ceatey sf the beam and equal to zero at the edges sf the beam. 

In the experiaent mmy of the droplets did net trmerse the 

3 3 4 s  

This effect can be represented by a Pineax farm of that is equal to 

m e  values of wen? coqutea by integration of equations (8) (28) 

for the geowtry of the l ight bean ;?ts abtaiaed from a Pefraetion ana ly~ i5 .  

It was believed that the two values of 5 , which w i l l .  be called, 5 r; 1, 

and 

desired. !I%=, the vdues  of 

3 -lisle= represent extremes which bound the vaLm of FiCR) and 

-ea, which appear 1x1 the last coluant of 

Table V, were the result  of the average of ( 5 = 1) ruzd &( f-l inear).  
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