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NOMENCLATURE 

Latin Letters 

B 

E 

H 

h 

k 

L 

%I? 

N 

n 

qtt 

T 

t 

v 
W 

X 

baff le  width, i n .  

effectiveness parameter defined by equation (5) 

height of l iquid,  in .  

heat transfer coefficient,  Btu/( hr) (sq in.) (q) 

thermal conductivity, Btu/( h r )  ( i n .  ) (9) 

w a l l  thickness, i n .  

texnperature moment defined by equation (sa) 

temperature nonuniformity parameter defined by 
equation (4)  

number of baffles 

heat flux, Btu/( h r )  ( sq  in . )  

temperature, OF 

time, min 

volume of f luid,  cu in .  

tank width, i n .  

axial distance measured from tank bo t tm,  in.  

Greek Let ters  

a 

8 temperature difference, ?I? 

constants used i n  equation ( 6 )  
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Biesiadny, Thomas John. M.S.M.E., Purdue University, August 1966. 
Experimental Investigation of Baffle Effectiveness i n  a Confined 
Fluid Subjected t o  Wall and Nonuniform Source Heating. 
Professor: Robert J. Schoenhals . Major 

Heating of l iqu id  hydrogen i n  the  propellant tank of a nuclear 

rocket was  simulated i n  a two dimensional view tank wi th  and without 

baf f les  present. The effectiveness of the  baf f les  i n  preventing the  

occurance of large f l u i d  temperature differences w a s  determined. To 

accomplish t h i s  objective a mixture of trichloroethane and ethyl 

alcohol w a s  used t o  represent the  l iqu id  hydrogen because i t s  thermal 

radiat ion absorption character is t ics  are similar t o  the  nuclear 

absorption properties of l iquid hydrogen. Both wall and nonuniform 

source heating occur i n  nuclear rocket propellant tanks. I n  this 

study infrared rays from quartz lamps were used t o  produce the two 

types of heating required. 

The tanks were subjected t o  similar heating conditions w i t h  and 

without baff les ,  and v isua l  information concerning f lu id  behavior 

was  obtained using schlieren photographs. Fluid temperatures were 

measured using thermocouples. Quantitative comparisons were made 

possible by calculating a temperature nonuniformity parameter for  

each case. 

Baffles were found t o  be quite effect ive during the ear ly  
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portion of each t ransient  run and throughout most of the t ransient  

period fo r  each run carried out w i t h  a low w a l l  heating ra te .  

a sizeable rate of nonuniform source heating present, the effec- 

tiveness of the baf f les  was decreased as compared with their  effec- 

tiveness under similar conditions but i n  the absence of source 

heating. 

With 
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EXPERIMENTAL INVESTIGATION OF BAFFLE EFFECTIVENESS 

IN A CONRNED FWID SUBJECTED TO WALL 

AND NONUNIFORM SOURCE HEATING 

INTRODUCTION 

I n  the  development of nuclear powered space vehicles many heat 

t ransfer  and f l u i d  flow problems have been encountered. 

i s  the  loss of l iqu id  hydrogen due t o  heating of the  propellant 

tank. The hydrogen represents a confined f l u i d  subjected t o  w a l l  

heating (heating from the  outer space environment) and nonuniform 

source heating (nuclear heating from the rocket 's  reactor) .  

Among these 

The work of Anderson and Kdar (l), and a number of other 

investigators,  has established that w a l l  heating produces a boundary 

layer which terminates i n  a s t r a t i f i ed  layer .  Figure 1, a schlieren 

photograph of a confined f luid subjected t o  side wall heating, shows 

the  buildup of a boundary layer along the  ve r t i ca l  w a l l  and its 

eventual termination i n  a s t r a t i f i ed  layer below the  vapor-liquid 

interface.  

layer) can be seen. 

i n  Figure 2. 

time. 

of the cool f lu id  below the layer t o  the hot ter  temperature a t  the 

surface which corresponds approximately t o  the vapor pressure of the 

A t  the  interface a thin,  highly turbulent region (surface 

This f l o w  phenomenon i s  reproduced schematically 

The thickness of t h i s  s t r a t i f i e d  layer increases w i t h  

Within t h i s  layer  the  temperature var ies  from the temperature 



I 
heating 
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I ySurface layer 

St ratified layer --. 
Boundary layer - Boundary layer 

- 
L - 

(Iside = constant - si& constant 

Figure 2 - Schematic outline of fiuid behavior with only side wall heating 
present. 
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ullage gas (saturation temperature at the  ullage gas p a r t i a l  pressure). 

Nonuniform source heating i s  produced i n  the nuclear rocket 

propellant tank by absorption of gamma rays and neutrons i n  the l iquid.  

The resul t ing e f fec t  i s  somewhat similar t o  that produced by simply 

heating the b o t t m  of the  container. The schlieren photograph pre- 

sented i n  Figure 3 shows the  effect  of bottom heating on the f lu id  

motion. 

of this type of heating i s  presented i n  the  sketch show- i n  Figure 4.  

The general pat tern which pe r s i s t s  during the application 

I n  contrast t o  the  s i tua t ion  produced by wall .heating alone (Figures 1 

and 2 ) ,  uniform mixing develops i n  the f lu id ,  and there i s  no evidence 

of e i ther  a boundary layer or a surface layer.  

The s t r a t i f i e d  layer i s  of par t icular  i n t e re s t  because the t em-  

perature at the  liquid-gas interface i s  known t o  be at or near the  

saturation point (2)  . 
increases with time. 

Further, the s t r a t i f i e d  layer thickness 

Release of t h i s  hot f l u id  layer from the tank 

can give r i s e  t o  a hazard i f  i ts  mass i s  large because it can lead 

t o  vapor formation and cavitation i n  the  supply l i nes  and pump, 

respectively. 

Various methods have been suggested fo r  decreasing the temper- 

ature difference across the  s t r a t i f i ed  layer.  

that s t i r r i n g  the  l iqu id  decreased the  surface temperature and 

Huntley (3) noted 

s l igh t ly  increased the f lu id  bulk temperature. 

can essent ia l ly  eliminate the  s t r a t i f i e d  layer by reducing the  tem- 

U s e  of t h i s  procedure 

perature difference across the layer  t o  a very s m a l l  value. In  Ref- 

erences ( 2 )  and (3), insulation of the tank w a l l s  w a s  suggested as a 

means of preventing heat flow t o  the l iqu id  surface. These techniques 



Figure 3. - Schlieren photograph of fluid with only nonuniform 
source heating present. 
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t t ' t  t 
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Figure 4. - Schematic outline of fluid behavior with only non- 
uniform source heating present. 
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may lead t o  prevention of vapor formation and cavitation, but they 

have the unfavorable effect  of requiring a larger and heavier 

structure.  

The above-mentioned techniques have received considerable 

However, the use of at tent ion from a number of investigators. 

baf f les  has not been suff ic ient ly  studied t o  ascertain the value of 

this method as a means of decreasing the detrimental e f fec ts  of 

s t r a t i f i ca t ion .  

made ( 4 ) .  

layer  t o  prevent the boundary layer f lu id  from passing d i rec t ly  in to  

the s t r a t i f i e d  layer.  

Some e f fo r t s  along these l i nes  have already been 

The method involves placing obstructions i n  the boundary 

The system used i n  the investigation and reported i n  Refer- 

ence (1) w a s  readily available (Figure 5) and offered a convenient 

means f o r  investigating baffling, par t icular ly  visually.  

apparatus the f lu id ,  a mixture of trichloroethane and ethyl  alcohol, 

could not only be subjected t o  s ide w a l l  heating but a lso t o  non- 

uniform source heating by means of infrared absorption i n  the 

f lu id .  

heating than w a s  used i n  (4 ) .  

t he  mixture were found t o  be similar t o  those of l iquid hydrogen. 

For purposes of t h i s  study, therefore, the m i x t u r e  w a s  a more sui table  

f l u i d  than water, which w a s  used i n  the investigation associated with 

Reference ( 4 ) .  

With this 

T h i s  represents a more di rec t  means of nonuniform source 

The absorption character is t ics  of 

It w a s  the  purpose of t h i s  research t o  determine whether baf f les  

could favorably influence f luid behavior t o  a s ignif icant  extent 

and thus bring about a more uniform temperature dis t r ibut ion.  One 



T I  

Figure 5. - Flow visualization test apparatus. 
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two-dimensional view tank without ba f f l e s  and one with baffles were 

each subjected t o  various combinations of w a l l  and nonuniform source 

heating rates .  

were obtained and compared for the two systems. 

nonuniformity parameter w a s  defined and measured f l u i d  temperatures 

were used t o  calculate numerical values of this parameter f o r  purposes 

of quantitative comparison. Measured w a l l  and f lu id  temperatures were 

used for determinip4 heat t r a m f e r  coefficien-ts for  the mse of 

ve r t i ca l  w a l l  heating. I n  addition, the ba f f l e  effectiveness param- 

e t e r  presented i n  Reference (4) was  applied t o  the f l u i d  temperature 

data. Finally, the c r i t i c a l  t rans i t ion  point separating the  laminas 

and turbulent boundary layer  regions w a s  calculated and the r e su l t s  

were compared with experimental observations. 

Schlieren photographs and temperature measurements 

A temperature 

A review of the results obtained frm the experiments showed 

baf f les  t o  be most effect ive during the  ear ly  portion of each 

t rans ien t  run and throughout most of the t ransient  period fo r  each 

run carried out with a low ra te  of ve r t i ca l  w a l l  heating. 

effectiveness decreased with increasing amounts of nonuniform source 

heating present. 

Baffle 
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APPARATUS AND PROCEDURE 

Apparatus 

A nlxniber of baff l ing arrangements were proposed or iginal ly  

because of a desire  t o  study dissimilar boundary layer  lengths above 

and below the baffles. However, due t o  the  mount of time necessary 

t o  fabr icate  each tank, one tank without baffles (Figure 5) and one 

w i t h  ba f f l e s  (Figure 6) were chosen. 

and K o l a s  (l), with some modification, w a s  used t o  test the  effec- 

t iveness of t h i s  baf f l ing  arrangement. It i s  appropriate t o  discuss 

some of the components of the  apparatus at t h i s  point i n  the presen- 

ta t ion .  

The system employed by Anderson 

Tanks  

Each tank (Figure 5) was constructed of Pyrex glass, had inside 

dimensions of 1 2  in .  high by 8 in .  wide by 2 i n .  deep, and featured 

inclined w a l i s  set at a 45O angle. 

1/4 in .  thick and the remaining w a l l s  w e r e  1/8 i n .  thick.. The 

ve r t i ca l  w a l l s  were painted with black enamel t o  prevent absorption 

by the f l u i d  of infrared rays produced by the lamps used for heating 

of the ve r t i ca l  w a l l s .  

produce the desired heating in  these w a l l s .  

which represented the cross sectional shape of a conical-bottomed 

The front  and back faces were 

The enamel absorbed the rays and served t o  

The inclined w a l l s ,  



Figure 6. - Baffle locations in test tank. 

1 

8 
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tank, were not painted nor was the  bottom section surrounding the  

discharge port. The clear  glass at the  bottom allowed passage of 

infrared rays from the b o t t m  lamp t o  the  f lu id  thereby simulating 

nonuniform source heating through absorption of the rays i n  the f lu id  

( see Reference (1) ) . 
The only required modification of the tanks involved covering 

of the hor izontd  bottom section of glass  and t h e  discharge tube with 

re f lec t ive  tape. 

heating i n  and near t h e  discharge tube. 

i n  this tube passed upward into the tank unless heating i n  this 

region w a s  reduced. 

T h i s  was  done i n  a n  attempt t o  minimize f l u i d  

It w a s  found tha t  f l u i d  

Baffles 

The baf f les  attached t o  the tank w a l l s  were made of an insula- 

t i n g  material t o  minimize conduction from the ve r t i ca l  w a l l  t o  the 

f l u l d  and t o  a l so  minimize absorption by the ba f f l e s  of infrared 

rays from the bottom lamp. 

c ient  t o  insure diversion of the boundary layer t o  the  f lu id  bulk. 

With too short a baf f le ,  boundary layer  f lu id  could conceivably 

continue i t s  growth around the baf f le .  

The one inch length (Figure 6 )  w a s  suf f i -  

The top ba f f l e  w a s  placed so tha t  t he  buildup of the boundary 

layer would be retarded before termination i n  t h e  surface layer.  

lower baf f le  w a s  used t o  divide the  boundary layer  so tha t  two 

dissimilar lengths of boundary layer  could be studied. 

The 
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Fluid 

The f lu id  used i n  tes t ing  the effectiveness of the baf f les  w a s  

a solution of two p m t s  trichloroethane and one par t  e thyl  alcohol. 

A l i s t i n g  of some of i t s  properties i s  presented i n  Table 1. The 

s imilar i ty  of t h i s  f l u i d ' s  infrared absorption character is t ics  t o  

the absorption character is t ics  of l iqu id  hydrogen prompted its use. 

Another consideration w a s  the  ease with which the  f l u i d  could be 

safely handled. 

The f l u i d  w a s  contained i n  a glass  reservoir located above the  

tank and w a s  transferred t o  t h e  tank by gravity feed. 

removed from the tank through the discharge port  t o  a lower reservoir, 

The f l u i d  w a s  

w a s  f i l t e r ed ,  and then pumped back t o  the  upper reservoir.  

Table 1. - Properties of Two Par t s  Trichloroethane 

and One Part  Ethyl Alcohol Solution 

Specific heat 

Thermal conductivity 

Temperature coefficient of volume 
expansion 

Density 

Absolute viscosi ty  

0.3494 Btu/( l b  ) (9) 

Btu/( h r )  ( i n .  ) (?E') 

7.65)~lO'~  1/?F 

0.0406 lb/cu in.  

0.132 lb/ (  i n .  ) ( h r  ) 

3 

Lamps 

Heating of the f lu id  was  accomplished by inf rmed rays from 

three 1000-watt quartz lamps located as shown i n  Figure 5. 

re f lec tors  were placed around the  lamps t o  reduce the sca t te r  of 

l i gh t .  

Parabolic 

I n  addition, 1/8 in .  by 1/4 in .  aluminum s t r i p s  were placed 
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1/2 i n ,  from the ve r t i ca l  lamps as shown i n  Figure 7 t o  insure tha t  

the tank w a l l s  would receive a uniform amount of infrared rays. 

Further, sh ie lds  which extended 3 in.  above the bottam edge of the  

tank were placed 2 i n .  from t h e  v e r t i c a l  w a l l s  (Figure 7). The pur- 

pose of these shields w a s  t o  prevent infrared rays f r o m  the v e r t i c a l  

lamps from entering the f lu id  through t h e  unpainted inclined surfaces. 

Thermocouples 

Fluid and w a l l  temperatures were obtained from 30 gage nylon- 

coated copper-constantan thermocouples located as shown i n  Figure 8. 

The 20 thermocouples along the axis of the tank were used t o  measure 

f l u i d  bulk temperatures. ’ Shielding w a s  provided t o  prevent d i rec t  

infrared absorption by the  thermocouples. The heat transferred f r o a n  

the  lamps through the  w a l l s  t o  the  f l u i d  w a s  determined fran temper- 

ature measurements obtained using 13 pa i rs  of w a l l  thermocouples. 

The f l u i d  and wall temperature measurements obtained froan these 

thermocouples were recorded on three 10-channel Leeds and Northrup 

recorders having a recording speed of two seconds per channel. 

Schlieren System 

Visual observation of f lu id  density changes w a s  accomplished 

by means of a schlieren photographic system. 

schlieren system showing the  location of the  source l i gh t ,  re f lec t ing  

mirrors, and camera i n  re la t ion to the t e s t  section is  presented i n  

Figure 9. The system was  par t icular ly  useful fo r  studying boundary 

l w e r  behavior and fo r  determining how this behavior w a s  affected by 

The layout of the  

the  baff les .  
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Figure 7. - Lmt ion  of shields in relation to vertical lamp. 

. Lamp 



Figure 8. - Location of fluid and wall thermocouples. 
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Figure 9. - Schlieren system layout. 
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T e s t  Parameters 

T e s t  variables and recorded temperatures, as presented i n  

Table 2, and schlieren photographs were duplicated fo r  the  tanks 

wi th  and without baf f les  fo r  the purpose of comparing fluid behavior 
' .  

i n  the two tanks. Specifically, the duplicated t e s t  conditions were 

the  following: 

1. Fluid height w a s  maintained at 9.5 inches so that the  upper- 

most ax ia l  thermocouple was at t h e  l iquid surface. 

2. Three separate voltages were used fur the  vertical. lamps,* 

0, 100, and 150 vol t s ,  and 0, 100, 150, and 200 v o l t  settings were 

used for the bottom lamps. The adhesion of the  bonding agent between 

the glass p la tes  w a s  found t o  deter iorate  at the high w a l l  heating 

rate provided by a 200 vo l t  ver t ica l  lamp set t ing,  so tests planned 

f o r  this s i tua t ion  were eliminated. 

*For ve r t i ca l  lamp sett ings of 100 and 150 vo l t s  the  correspond- 
ing heat fluxes across the ver t ica l  w a l l s  were determined t o  be 3.0 
and 6.1 Btu/(hr)(sq in . )  respectively. 
by employing the heat conduction equation, 

These values were arrived a t  

k 
L 

q" = - AT 

where 

aT a the  temperature difference between the  thermocouples on the 
outer and inner surface of the w a l l  

k = the thermal conductivity of borosi l icate  low-expansion glass; 
see Reference (5) 

L = the  thickness of t he  ve r t i ca l  w a l l .  

No attempt w a s  made t o  calculate the  heating r a t e s  due t o  the 
b o t t m  lamps. However, Anderson and Kolar (1) have estimated tha t  
a 100 vo l t  bottom lamp set t ing provided a source heating r a t e  of 
55.5 Btu/hr and tha t  150 and 200 vo l t s  produced r a t e s  of 103.5 and 
163.2 Btu/hr, respectively. 
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01t-e set t ing 
i 

' j  

Thermocouple measurements 
(see Figure 8' for location) 

! 

e r t i c a l  
lamps 
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B o t t m  
lamp A x i a l  Wall 

Table  2. - Sunnnaxy of R u n  Conditions 

2, 
0 

100 
100 
io0 
100 

150 
150 
150 
150 

0 
0 
0 

100 
100 
100 
100 

150 
150 
150 
150 

N o  baf f les  
156 1 to 2c A. 1 7  tc 26 
200 1 t o  20 1 7  t o  26 

0 7 t o  20 1 t o  16 
1,2,3,4,7,8,11,12, 
13,14,15,16,17,18, 
21,22,25, and 26 

1 t o  16 0 7 t o  20 

21,22,25, and 26 

loo 1 t o  20 1 7  t o  26 
150 1 t o  20 1 7  t o  26 
200 1 t o  20 17  t o  26 

0 7 t o  20 1 t o  1 6  
1,2,3,4,7,8,11,12, 
13,14,15,16,17,18, 
21,22,25, and 26 

0 7 t o  20 1 t o  1 6  
1,2,3,4,7,8,11,12, 

21,22,25, and 26 
13,14,15,16,17,18, 

200 

Baffles 

I 3. R u n  duration w a s  t en  minutes for d l  tests. The 2000 F 

recording l i m i t  of the L & N recorder would have been exceeded i n  

some t e s t s  had the  ran time been longer. Also ,  within t en  minutes 

a suff ic ient  amount of information w a s  obtained fran the schlieren 

photographs t o  derive generalized conclusions regarding f lu id  behavior. 

I 

4. Thirty thermocouples were chosen for each run (a  canpromise 

between the  best  temperature coverage and the L & N capacity) and 

are presented i n  Table 2. 
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5. Schlieren photographs were taken at one, f ive,  and t en  

minutes after i n i t i a t i o n  of heating. 
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RESULTS AND DISCUSSION 

I n  ttii, 22 Lest i-uiis vere c ~ ~ p l z t e d ,  11 csipg the h ~ f f l e d  tank 

and 11 using the tank without baf f les  (Table 2) .  Each of ll runs 

i n  each set of experiments was  made using a different  combination 

of ve r t i ca l  and bottom lamp voltages. O f  these, f i ve  runs f o r  each 

tank were selected as representative of the heat t ransfer  and f lu id  

flow phenomena i n  a confined f lu id  subjected t o  w a l l  and nonuniform 

source heating. 

cal lamp se t t ings  of 100 and 150 vo l t s ) ,  nonuniform source heating 

alone (bottom lamp set t ing of 150 v o l t s ) ,  and a conbination of both 

ty-pes of heating (bottom lamp setting of 150 vo l t s  and v e r t i c a l  

lamp set t ings of 100 and 150 vo l t s ) .  

The runs consisted of s ide w a l l  heating alone (ve r t i -  

A discussion of the results of the t e s t  runs i s  divided in to  

two major sections, one dealing with experimental r e su l t s  and 

another dealing with performance parameters calculated using these 

experimental results. 

produced at  the  various lamp voltage set t ings with and without 

baf f les  are  presented i n  the  experimental comparison discussion. 

Also included are  the p lo ts  of f l u id  temperatures as measured along 

the tank centerline.  Quantitative capar i son  of the  data  w a s  carried 

out using a derived parameter, previously referred t o  as the temper- 

ature nonuniformity, which depends on the f lu id  temperature d i s t r i -  

bution along the tank centerline. 

Schlieren photographs of density changes 



To check the v a l  
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l i t y  of the t e s t  resul ts ,  c r i t i c a l  lengths 

for the  t rans i t ion  from l a m i n s s  t o  turbulent flow along a heated 

ve r t i ca l  wall were predicted using a modified Grashof number (6) of 

approximately lolo (see Reference (7 ) ) .  

compared with the  c r i t i c a l  lengths determined from the experimental 

observations. 

f o r  purposes of comparing the  resu l t s  of this investigation with 

those presented i n  Reference (4). 

These predictions w e r e  

Additionally, effectiveness values were calculated 
i 

Experimental Results 

Schlieren Photographs 

Visual results of the selected experiments can be seen i n  t h e  

schlieren photographs presented i n  Figures I, 10, 11, 1 2  and 13. 

Without baf f les  .and with w a l l  heating (ve r t i ca l  lamps se t  at 150 

vol t s ) ,  the  boundary layer grew along the ve r t i ca l  w a l l  u n t i l  it 

reached the  l iqu id  surface as shown i n  Figure 1. 

ary layer f l u i d  moved in to  the s t r a t i f i e d  layer  and with time this 

s t r a t i f i e d  layer increased i n  thickness. 

Thereupon the bound- 

Density changes i n  the  haf'fled tank under similar heating con- 

di t ions (ve r t i ca l  lamps set a t  150 vo l t s )  are s h m  i n  Figure 10 and 

indicate a pat tern of f l u i d  motion presented schematically i n  Fig- 

ure 14. 

far as the first baff le .  

w a s  dispersed i n t o  the main body of f lu id .  

f l u i d  moved past  the  ba f f l e  causing a highly disturbed region above 

the baff le .  

Here t h e  boundary layer grew along the  ve r t i ca l  w a l l  up as 

On contact w i t h  t h i s  obstruction, the  f l u i d  

I n  addition, par t  of the 

Although it cannot readi ly  be seen i n  the photograph, 

, 



- -6-;-; ,;- [ _ _ _  

Figure 10. - Schlieren p$otoyapr-i cf %id density va:ii?%ns in  t h e  
presence of baffles one minute after in i t ia t ion of side wall heating 
(vert ical lamps set at 1% volts). 
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f i g u r e  11. - Sch l ie ren  photograph of f lu id  densi ty var ia t ions in t h e  
presence of baffles ten  minutes af ter  i n i t i a t i on  of side wal l  heat ing 
(ver t ica l  lamps set at 150 volts). 
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Figure 12. 
presence 
(ve rti ca I 

- Schlieren photograph of fluid density variations in the 
of baffles one minute after initiation of side wall heating 
amps set at 100 volts). 



Figure 13. - Schlieren photograph of f !uld 6ensity vari;r?or!s in the  
presence of baffles one minute after in i t iat ion of both side wall and 
nonuni form source heating (vertical and bottom lamps set at 100 volts). 
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Figure 14, - Observed fluid behavior in a baffled tank with side wall 
heat i ng, 
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a second boundary layer was observed t o  begin above t h i s  first baf'fle 

and t o  continue u n t i l  contact w a s  made with the  second baff le .  The 

I 
dispersal  pat tern of boundary layer f l u i d  was  repeated there. 

the proximity of the  liquid-gas interface t o  the  second baf f le  a l tered 

However, 

the flaw pattern.  

region w a s  formed i n  the  space between the  ba f f l e  and the interface,  

near the ve r t i ca l  w a l l .  

I n  particular,  w h a t  appeared t o  be 8 boi l ing 

A t  this same w a l l  heating rate, but at  l a t e r  times, the  deflec- 

t i n g  e f fec ts  of baf f les  appeared t o  diminish (Figures 10 and 11). 

a given time a f t e r  i n i t i a t i o n  of heating, the  deflecting e f fec ts  of 

the baf f les  appeared t o  diminish w i t h  increased w a l l  heating r a t e  

(Figures 10 and 12) .  

At 

A schlieren photograph of the  f l u i d  when subjected t o  nonuniform 

source heating (bottam l m p  set  at 150 vol t s )  i n  addition t o  w a l l  

heating (ve r t i ca l  lamps set at  100 vo l t s )  i s  presented i n  Figure 13. 

A schematic representation o f t h e  corresponding f l u i d  motion i s  shown 

i n  Figure 15. 

appear t o  have less influence on f l u i d  ac t iv i ty  than i n  the  case of 

the same vertical w a l l  hea th4  ir, t he  absence of Eor?urtform source 

heating. This decreased influence of the ba f f l e s  r e su l t s  from the  

It can be seen (Figures 1 2  and 13) tha t  the  ba f f l e s  

large mount of mixing caused by the  nonuniform source heating. 

Fluid Temperatures 

Another view of the  experimental r e su l t s  can be obtained fram 

study of the  f lu id  temperature p lo t s  shown i n  Figures.16, 17 ,  18 and 

19. With w a l l  heating and baff les  present, the  f lu id  temperatures 
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0 4 
, /-Liquidgas interface 

0 - Baffle 

.-Boundary layer 

-Boundary layer 

Uniform mixing 

Figure 15. - Observed fluid behavior in a baffled tank with side wa 
nonuniform source heating. 

II and 



Figure 16. - Axial variation of centerline fluid temperature with side 
wall heating (vertical lamps set at 100 volts). 
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Figure 17. - Axlal variation d centerline fluid temperature with side wall heating (vertlal lamps set at EO MIW. 
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Figure 18. -Axial variation of centerline fluid temperature with both side wall 
and nonuniform source heating (vertical lamps set at 100 volts and bottom 
lamp set at l50 volts). 



I .  

Figure 19. -Axial variation of centerline fluid temperature with both side wall and nonuniform source hding (vefHcal and 
battom lamps set atM wits). 
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(Figures 1 6  and 1 7 )  at ax ia l  positions below the first baf f les  were 

higher than when no ba f f l e s  were present under similar heating 

conditions. 

caused the bulk temperature t o  rise. 

s t r a t i f i e d  region i n  the unbaffled case the  f l u i d  temperatures are 

lower with baf f les  present. In  other words, boundary layer f l u i d  

that would have increased the  temperature of the s t r a t i f i e d  layer 

w a s  p m t i a l l y  prevented from reac-hing the s t r a t i f i e d  layer.  This 

heated f luid instead passed into the region below the s t r a t i f i e d  

layer. 

T h a t  is, the  f lu id  deflected by th i s  pa i r  of baf f les  

However, i n  w h t  had been the 

A s  w a s  noted i n  the  schlieren photographs, the  baffles became 

l e s s  effect ive with time f o r  a par t icular  heating ra te .  

f l u i d  temperatures substantiate this conclusion as is  par t icular ly  

evident i n  Figure 17 .  

t ions  i n  the  stratified reg ion  for  the baSfled and unbaffled cases 

approached each other very closely fo r  large values of time. 

The measured 

It can be seen tha t  the temperature dis t r ibu-  

Another point of agreement between the  schlieren photographs 

and the  temperature plots  can be noted from Figures 1 6  and 17. A s  

the  w a l l  heating r a t e  increased the difference between baffled and 

unbaffled bulk f l u i d  temperature dis t r ibut ions decreased. 

w i t h  a ve r t i ca l  lamp se t t i ng  of 100 vo l t s  and t = 10 minutes, the 

approximate difference between t h e  f lu id  temperatures f o r  the  baffled 

and unbaffled cases w a s  approximately 2.7' F f o r  any height greater 

than 7 inches. 

temperature difference decreased t o  about 1.5O F. 

For example, 

With an increase i n  lamp voltage t o  150 vo l t s  the 
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i t h  the  applic hion of n nuniform source heating i n  the  two 

above-mentioned situations, the f l u i d  temperature dis t r ibut ions fo r  

the baffled and unba9fled cases became more similar. T h i s  can be 

confirmed by comparing Figure 16 w i t h  Figure 18 and Figure 17  with 

Figure 19. For the &me-mentioned example, the presence of source 

heating caused the  observed differences i n  the f lu id  temperatures t o  

become negligibly small fo r  a v e r t i c d  lamp se t t ing  of 100 vo l t s  

(Figure 18). 

0.5O F. 

i n  this instance i n  opposition t o  the trend observed, but the small. 

discrepancy here i s  of the same order of magnitude as the precision 

of the  measurements. Therefore, t h i s  deviation does not represent 

a significant result which would contradict the general t rend 

described. It should be noted t h a t  the conclusions drawn i n  regard 

t o  nonuniform source heating are i n  agreement w i t h  those obtained 

from inspection of the  schlieren photographs. 

For 150 vol t s  the difference obtained w a s  approximately 

The difference w a s  greater fo r  150 vol t s  than fo r  100 vol t s  

Caculated Performance Parameters 

Temperature Nonuniformity Parameter 

The introduction of a temperature nonuniformity parameter 

establishes s t i l l  another means of comparing the  baffled and 

unbaffled experiments. 

numerically the nonuniformity of the  f lu id  temperature distribution. 

The physical quantit ies associated w i t h  t h i s  parameter are shown i n  

Figure 20 which also contains a p i c to r i a l  description of each impor- 

tan t  term. 

This parameter provided a meams fo r  specif'ying 



L 
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Figure 20. - Terms used in derivation of temperature nonuniformity parameter, N. 
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The bulk f lu id  was  first divided in to  twenty volumetric 

increments with a f lu id  centerline thermocouple at  the center of 

each volume. The average fluid temperature of each of these elements 

w a s  assumed t o  be the temperature measured by the centerline thermo- 

couple. Since radial temperature differences lii t h e  core WCFC SELI., 

each measured value represented 811 idealized mixed mean temperature 

fo r  the cross section associated wikh it within the approximation 

that the  volume occupied by the boundary layer  w a s  s m a l l  compared t o  

the volume occupied by the core. The temperature rise at time t 

at the centerline location X i s  defined as 

8, = Tc(X, t )  - To (1) 

I n  accordance with the above discussion concerning the idealized 

average temperature concept, the average temperature rise f o r  the 

t o t a l  f l u id  volume at time t i s  given by 

20 

i=l - et = 
20 

i=l 

The deviation of the element average temperature rise frm the  t o t a l  

volume temperature rise is given by 

e = e  d c - %  (3) 

T h i s  deviation, ea, w a s  squared i n  order t o  obtain a posit ive numer- 

i c a l  value fo r  each element. By using t h i s  technique negative 

numerical values were converted t o  posit ive numbers. The temperature 

nonuniformity parameter, N, was defined as 



20 

i=1 N =  
20 

N i s  then the rms (root  m e a n  square) temperature deviation, a 

measure of the temperature nonuniformity of t he  f l u i d  as a whole. 

That is, the temperature nonuniformity parameter i s  the  square root 

of the volume average of the square of the temperature deviation from 

the  average temperature of the  en t i re  f l u i d  bulk. 

I n  Figure 2 1  a plot  is given which shows selected r e su l t s  i n  

terms of calculated values of the temperature nonuniformity parameter 

obtained for  three separate run conditions. These conditions were: 

ve r t i ca l  lamp se t t ings  of 100 and 150 vo l t s  with a bottom lamp se t t i ng  

of 0 vol ts ,  and a v e r t i c a l  lamp se t t ing  of 100 vol t s  w i t h  a bottom 

lamp se t t ing  of 150 vol ts .  As canbe  seen from Figure 21, N values 

for  the baffled case were always lower than f o r  t he  unbaffled case. 

I n  other words, greater uniformity of f l u i d  temperature existed when 

baf f les  were present. 

t = 1 minute when the  f lu id  temperature differences were mall and 

accurate values were d i f f i cu l t  t o  obtain. 

T k i s  is  evident from the  r e su l t s  even for  

With time, the  nonuniformity values increased fo r  each o f t h e  

baffled cases. 

more effective during the emly  portions of runs. 

w a l l  heating r a t e  fo r  the baffled and unbaffled cases produced larger 

This again points t o  the  f a c t  that baf f les  were 

The higher side 
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Figure 21. - Time history of temperature nonuniformity 
parameter for various runs. 
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1 
5 .  

values of N than the low w a l l  heating rate did. The fract ional  

decrease i n  temperature nonuniformity, (N - %)/N, was  greater fo r  

the lower heating r a t e  than for the higher heating r a t e .  That is, 

baffles were more effect ive i n  bringing about temperature uniformity 

i n  the f lu id  at the  lower heating rate. 

heating (ver t ica l  lamp at  100 volts ,  b o t t m  lamp at 150 vo l t s )  the 

fract ional  decrease i n  N w&s lower than it w a s  i n  the  absence of 

Thus, baf f les  Mere’ less effect ive i n  

V i t G  G~~GSGZYE sc-=ce 

nonuniform source heating. 

the presence of nonuniform source heating. 

B a f f l e  Effectiveness Parameter 

To provide an evaluation of the  accuracy of the tests, the  

r e su l t s  were compared w i t h  those presented i n  Reference ( 4 ) .  Baffled 

and unbaffled tank runs fo r  a ve r t i ca l  lamp se t t ing  of 100 vo l t s  and 

t = 3, 5, 7 and 10 minutes were selected and used t o  determine an 

effectiveness parameter. As presented i n  (4 ) ,  this parameter i s  

E ’=- 

where 

“r= f H 8 $ d X  
0 

H ’= b i g h t  of l i qu id  

ec = temperature r i s e  (equation (1)) 

et = average temperature r i s e  (equation (2)) 

( 5 )  



To f a c i l i t a t e  the integration of equation (Sa), the  temperature 

rise, Be, as a f'unction of X (Figure 16)  w a s  fitted t o  a curve using 

a programming routine available on an IBM-7094 I1 cmputer. 

resul t ing curve f i t  equations were i n  the  form 

The 

ec,j - - al,j + %,jx + a3 .x2 
r J  

where 

X j - 1  5 X I X j + l  

The resulting equation fo r  

g r a l s  f o r  each segment of the curve.  That  is, 

I+ thenbecomes the sum of the  inte-  

Due t o  the lack of thermocouple da ta  below X = 3.0 in., the temper- 

ature difference i n  t h i s  region w a s  assumed t o  be equal t o  the  tem- 

perature difference at 3.0 in.  Calculations of E were carried out 

for  four t i m e  values. 

The four points calculated are  shown plotted i n  Figure 22 using 

a curve similar t o  that shown i n  Reference ( 4 ) .  

i s  the  effectiveness parameter presented i n  equation (5). 

abscissa, (1 + 2.2 e-0D15 t/n)(B/W)005(n)0*5, i s  a parameter developed 

i n  (4) t o  correlate  the data. 

B, the  ba f f l e  width, w a s  1 i n . ,  W, the tank width w a s  8 in. ,  n, the 

number of baff les  w a s  2, and t w a s  t he  time a f t e r  i n i t i a t i o n  of 

heating, i n  this case 3, 5, 7 and 10 minutes. The deviations fo r  

t = 3 minutes and 5 minutes are approximately 15 percent, and for  

The ordinate, E, 

The 

For the t e s t s  presented i n  t h i s  report  
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Figure 22 - Comparison of test data with baffle effective- 
ness correlation presented in Reference 4. 
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t = 7 and 10 minutes the deviations are about 40 percent (Figure 22) .  

The agreement is  favorable for  the first two conditions and is  rea- 

sonable for the last two when differences i n  the  heating r a t e s  are 

considered. The heating r a t e  used t o  correlate  t he  data  from R e f -  

erence (4) a s  qqrcx5ztely 5 t h e e  higher than that used i n  the test 

runs presented. 

Heat Transfer Coefficient 

Heat t ransfer  coefficients were calculated using f lu id  center- 

l i n e  temperatures and the  temperatures recorded by the  w a l l  thermo- 

couples. Favorable agreement between experimental and theoret ical  

heat t ransfer  coefficients w a s  not obtained. This w a s  due, pr inci-  

pally, t o  the inab i l i t y  t o  determine a representative f l u i d  bulk 

temperature i n  the s t r a t i f i e d  layer. 
c 

One result of these heat t rans-  

f e r  coefficient calculations is  worthy of note, however. That  r e su l t  

i s  associated with the  c r i t i c a l  length fo r  t r ans i t i on  from laminar t o  

turbulent flow along the  h ated ve r t i ca l  w a l l .  

Grashof number (6)  at t rans i t ion  of approximately lo1' (see Refer- 

ence ( 7 ) ) ,  t he  c r i t i c a l  length was  predicted. For a ve r t i ca l  lamp 

By using a modified e 

setting of 100 vo l t s  with noba f f l e s  present, the  calculated c r i t i c a l  

length was 2.12 inches. With a lamp se t t ing  of 150 vo l t s  the  c r i t i c a l  

length w a s  1.78 inches. 

at the intersect ion of the ver t ica l  and inclined w a l l s  (X = 3.0 inches) 

the  c r i t i c a l  lengths from t h e  tank bottom fo r  100 vol t  and 150 vo l t  

Assuming t h a t  the boundary layer originated 

lamp se t t ings  are  5.12 and 4.78 inches, respectively. 

I n  the  presentation of the experimental heat t ransfer  
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Figure 23. - Variation of heat transfer coefficient with time along a heated 
vertical wall (vertical lamps set at 100 volts). 



Figure 24. - Variation of heat transfer coefficient with time along a heated ver- 
tical wall (-vertical lamps set at l50 volts). 
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coefficients f o r  a v e r t i c a l  lamp settings of 100 vo l t s  (Figure 23) 

and 150 vo l t s  (Figure 24) a sharp peak can be observed at 4.5 inches. 

It appems evident that this peak corresponds t o  the  location of 

the t r ans i t i on  which occurred frm laminar t o  turbulent flow i n  the  

experimental system. 

the  predicted c r i t i c a l  lengths wi th in  12 percent f o r  100 vo l t s  and 

within 6 percent f o r  150 vol ts .  

The observed t r ans i t i on  points agreed with 
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SUMMARY OF RESULTS 

Wn-dimensional viewing tanks, with and without baffles 

present, were subjected t o  w a l l  heating, nonuniform source heating 

and a conibination of both types of heating. 

studied and results were obtained by means of schlieren photographs, 

temperature measurements, and subsequent data reduction. The 

major conclusions are  the  following: 

The f lu id  behavior w a s  

1. B a f f l e s  were found t o  be most effect ive during t h e  early 

portion of each t ransient  heating run when the  stratified layer 

thickness w a s  s t i l l  mall. 

2. The boundary lwer was deflected most effectively by the 

baffles at lower -1 heating rates. 

3. With nonuniform source heating present t he  effectiveness of 

the baffles w a s  decreased as compared with their  effectiveness under 

similiar conditions, but i n  the absence of source heating. 
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