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ABSTRACT

Transient in te r fa c ia l  heat fluxes and in te r fa c ia l  heat trans fe r co­

e f f ic ie n ts  have been experimentally determined as functions o f  the in ­

te r fa c ia l  temperature d iffe rence fo r  l iq u id  n itrogen, l iq u id  methane gas, 

and l iq u id  natural gas f i lm  b o i l in g  on water. In te r fa c ia l  heat f lu x  

ranges from 0.5-2.1 cal/cm2-sec fo r  l iq u id  n i trogen-water a t in te r fa c ia l  

temperature d ifferences o f  210-256°K, 1.0-4.7 cal/cm2-sec fo r  l iq u id  me- 

thane-water a t in te r fa c ia l  temperature differences o f 188-220°K, and

3.0-13.1 cal/cm2-sec fo r  l iq u id  natural gas-water a t in te r fa c ia l  temper-'' 

ature d ifferences o f  188-220°K. Corresponding in te r fa c ia l  heat tra ns fe r  

c o e f f ic ie n ts  range from 0.0024-0.0082 cal/cm2-sec-°K fo r  l iq u id  n itrogen- 

water, 0.0053-0.0241 cal/cm2-sec-°K fo r  l iq u id  methane-water, and 0.0163-

0.0653 cal/cm2-sec-°K fo r  l iq u id  natural gas-water. Estimated experi­

mental e rro r is ±13.3%.

The experimental equipment used in th is  inves tiga tion  consists o f a 

glass dewar f la s k  mounted on a load c e l l  and equipped with a thermocou­

ple temperature measuring system. Water is contained in the experimen­

ta l dewar and the cryogenic l iq u id  is poured onto the surface. The load 

c e l l  continuously records the vaporization rate of the cryogenic l iq u id

i i i
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which is  a d ire c t  measure o f the in te r fa c ia l  heat f lu x .  Thermocouples 

measure the surface temperature o f the water layer, temperatures w ith in  

the water laye r, and the temperature of the b o i l in g  cryogenic l iq u id .

In s u f f ic ie n t  data were obtained in th is  study to develop a general­

ized mathematical co rre la t io n  describing the f i lm  b o i l in g  o f  cryogenic 

l iq u id s  on water. Additional work, both experimental and th e o re t ic a l ,  

needs to  be undertaken in  th is  area.
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INTRODUCTION

The problem of b o il in g  heat trans fe r between two immiscible l iq u id s  

has recently  been encountered in studies o f s p i l l s  of cryogenic l iq u id s  

onto water. S tringent safe ty  precautions associated with the marine 

transporta tion  of l iq u id  natural gas (LNG) and other l ique f ied  gases have 

raised questions regarding what po ten tia l problems e x is t  should a s p i l l  

occur. One of the p r inc ipa l questions is to determine the ra te  a t which 

heat is transfe rred  across the l iq u id  cryogen-water in te r fa c e .

Id e a l ly ,  the trans fe r of heat can be compared with the trans fe r of 

e le c t r ic  current: a po ten tia l or d r iv ing  force acting through a re s is ­

tance causes a transport o f curren t. In the case o f heat tra n s fe r ,  the 

po tentia l is  a temperature d i f fe re n c e , and the current a heat f lu x .  The 

resistance is  re ferred to as the heat tra ns fe r c o e f f ic ie n t . The purpose 

of th is  inves tiga tion  is  to experimentally determine the in te r fa c ia l  heat 

trans fe r c o e f f ic ie n t  fo r  a cryogenic l iq u id  f i lm  b o i l in g  on a water sur­

face.

Film b o il in g  between two immiscible l iq u id s  is a mode o f heat trans­

fe r  where the generation of vapor from the v o la t i le  phase occurs so rap­

id ly  tha t a stab le f i lm  of vapor separates the two l iq u id s .  This is the

1
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case fo r  cryogenic l iq u id s  s p i l le d  on water because of the large temper­

ature d iffe rence  which ex is ts .

Cryogenic l iq u id s  used in  th is  inves tiga tion  are l iq u id  n itrogen, 

l iq u id  methane, l iq u id  ethane, l iq u id  propane, and l iq u id  natural gas. 

These materia ls were chosen fo r  study since they are presently being 

transported in large q u a n t i t ie s .

Experimentally, the scope o f th is  study is l im ited  to the tra ns ien t 

b o i l in g  of a cryogenic l iq u id  on a l iq u id  water surface a t atmospheric 

pressure. The freezing and bo il in g  points of the water layer l im i t  the 

range of possible temperatures ava ila b le  in the water laye r. The range 

of in te r fa c ia l  temperature d ifferences ava ilab le  fo r  study is then con­

t ro l le d  by the normal b o i l in g  po int of the cryogenic l iq u id .
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LITERATURE REVIEW

An extensive l i te ra tu r e  search has been made in  the area o f  f i lm  

b o il in g  of cryogen l iq u id s  on water. Published work in  th is  area is  min­

imal. A q u a l i ta t iv e  overview of the experimental work in dealing with 

s p i l l s  of cryogens on water is  given by Nakanishi (1971a, p. 37). This 

paper discusses a number of q u a l i ta t iv e  experiments aimed a t  determining 

the behavior of b o i l in g  l iq u id s  on the surface of other l iq u id s .

A discussion o f the qu an t ita t ive  experiments, observations, and ex­

perimental data which have been reported w i l l  fo l lo w . This discussion 

w i l l  present the published resu lts  in the chronological order in which 

they were conducted.

Burgess (1970, p. 4) performed early  experiments in th is  area. A 

60- by 30- by 30-cm aquarium containing 20 1 of water was used in a l l  ex­

periments. Liquid nitrogen (LN2) and l iq u id  natural gas (LNG) were 

s p i l le d  onto the water surface. The aquarium was positioned on a load­

ce l l  in order to obtain vaporization rates of the cryogenic l iq u id s .  An 

array of thermocouples positioned near the water surface was also used. 

S ig n if ic a n t re su lts  and observations are as fo llows:

3
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1) The LN2-water in te rface  was v io le n t ly  ag ita ted; however, the 

LNG-water in te rface  was re la t iv e ly  qu iet.

2) An ice f i lm  which completely covered the surface of the water 

formed in the LN2 sp il lag e  tests  a f te r  about 10 sec. In the LNG-water 

tes ts  ice formed in approximately 2-3 sec.

3) S p i l ls  o f LNG on water produced considerable foaming.

4) S p i l ls  on water, ice , and brine (3% NaCl so lu tion ) produced sim­

i l a r  re s u lts .  An average heat f lu x  of 2.5 ± 0.25 cal/cm2-sec (33,000 ± 

3,400 B t u / f t 2-hr) was reported fo r  LNG, and a heat f lu x  o f 0.6 ± 0.2 c a l /  

cm2-sec (8,000 ± 2,300 B tu / f t 2-h r) was reported fo r  LN2 . In the analysis 

of the experimental data the vaporization rate was averaged over a 20-sec 

time period.

5) The thermocouple array positioned at the water in te rface did not 

provide any usable in form ation. A thermocouple positioned 5 mm below the 

surface showed tha t a f te r  approximately 15 sec, the temperature dropped 

from the i n i t i a l  value of 320°K to the freezing po in t of water (273.1°K), 

and then dropped to approximately 144°K a f te r  60 sec.

6) Quantities of LN2 and LNG used in the experiments ranged from

2,000-3,200 g. Depth o f the cryogenic l iq u id  on the water surface was 

nominally 4.3 cm.

Nakanishi (1971b, p. 1) conducted experiments to measure the bo il in g  

heat fluxes fo r  LN2, condensed p ipe line  natural gas (CFG), l iq u id  methane 

gas (LMG), and l iq u id  ethane gas (LEG) on water. The experimental appa­

ratus used was very simple. A 120 mm ID unsilvered dewar f la s k  mounted
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on a load -ce ll was equipped w ith  a set of thermocouples to measure the 

water layer temperature. Thermocouples were fab rica ted from 24 gage 

(0.51 mm 00) bare copper-constantan w ire. These thermocouples were in ­

s ta l le d  from the top of the dewar tes t vessel so tha t they had to pass 

through the b o i l in g  cryogenic l iq u id  and the cryogen-water in te rface .

In a l l  tes ts  the b o i l in g  cryogen completely covered the water surface. 

S ig n if ic a n t  resu lts  fo r  the systems studied are given below.

1) When LN2 was poured on water a t a temperature o f  278°K, an ice 

layer formed in about 10 sec, and a constant b o i l in g  heat f l u x 'o f  approx­

imately 0.75 cal/cm2-sec (10,000 B t u / f t 2-h r) was observed throughout the 

experimental run . Water temperature measured 5 mm below the surface 

dropped to nearly 105°K a f te r  90 sec.

2) When LN2 was s p i l le d  on water at a temperature o f  353°K, no ice 

layer formed during the experimental run. Heat fluxes reported fo r  th is  

experiment decreased as the experiment progressed. The fo l low ing  table 

summarizes the data.
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TABLE 1

BOILING HEAT FLUX LN, -WATER SYSTEM 

(Nakanishi, 1971b, p. 1)

I n i t i a l  Water Temperature: 353°K

Heat Flux
Time, sec ca1/cm2-sec B tu / f t 2-h r

10 2.0 26,500
20 1.6 21,000
30 1.2 16,000
40 1.0 13,000
50 0.9 11,500
60 0.7 9,000

3) Condensed p ipe line  natural gas (CPG) was poured on water sur­

faces maintained a t 273, 278, 293, 323, and 353°K. At the f i r s t  three 

water temperature leve ls  ice formed on the surface w ith in  a few seconds; 

no ice formed in  the la t t e r  two runs. Analysis of the CPG is given in  

Nakanishi (1971a, p. 38) as 4.3 mole % n itrogen and 95.7 mole % methane.

4) Heat f luxes reported fo r  the CPG-water experiments decreased as 

the experiment progressed. Other de ta ils  were also given:

a) Bo il ing  heat f lu x  during the f i r s t  10 sec o f  the exper­

imental run was reported a maximum of 5.7 cal/cm2-sec (75,000 

B t u / f t 2-h r)  on 353°K water and a minimum of 4.4 cal/cm2-sec 

(59,000 B t u / f t 2-hr) on 323°K water. Water temperatures o f 273, 

278, and 293°K gave intermediate values f o r  the b o i l in g  heat 

f lu x .
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b) The rate a t which the b o i l in g  heat f l u x  decreased is  

shown in the fo l low ing  tab le :

TABLE 2

BOILING HEAT FLUX CPG-WATER SYSTEM 

(Nakanishi, 1971b, p. 2)

I n i t i a l  Water Temperature: 353°K

__________Heat Flux _____
Time, sec cal/cm2-sec B tu / f t 2-h r

10 5.7 75,500
20 4.7 62,000
30 3.4 45,000

c) When the i n i t i a l  water temperature was e ith e r 273 or 

278°K, the temperature measured 5 mm below the in te rface  dropped 

to approximately 195°K w ith in  45 sec. The b o i l in g  point of the 

CPG was reported to be approximately 111°K and to remain con­

stant throughout the run.

5) Liquid methane gas ( LMG) was s p i l le d  on water a t a temperature 

of 278°K in  one run . B o i l in g  heat f lu x  is given in the fo llow ing  tab le :
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TABLE 3

BOILING HEAT FLUX LMG-WATER SYSTEM 

(Nakanishi, 1971b, p. 3)

I n i t i a l  Water Temperature: 278°K

 Heat Flux________
Time, sec cal/cm2-sec B tu / f t 2-hr

10 4.7 62,000
20 3.9 52,000
30 3.4 45,000
40 3.0 40,000
50 2.8 37,500

6) L iqu id  ethane gas (LEG) was s p i l le d  on water a t a temperature of 

278°K in one run. Bo il ing  heat f lu x  is shown in the fo llow ing  tab le:

TABLE 4

BOILING HEAT FLUX LEG-WATER SYSTEM 

(Nakanishi, 1971b, p. 4)

I n i t i a l  Water Temperature: 278°K

__________Heat Flux
Time, sec ca!/cm2-sec B t u / f t 2-hr

10 3.3 43,000
20 2.8 37,500
30 2.5 32,500
40 2.1 28,000
50 1.9 25,000

7) Visual observations o f the b o i l in g  process fo r  LMG-water and

LEG-water were not reported.



T-1553 9

Burgess (1972, p. 9) conducted additiona l experiments to fu r th e r  

analyze the heat t ra n s fe r  ra te  between LN2-water, LMG-water and LNG- 

water. A polystyrene foam, water container holding 6,000 g o f water was 

used in  a l l  experiments. From 2-5 1 o f  cryogen was poured from a height 

o f 45 cm onto the water surface. The surface area was 742.3 cm2. Weight 

loss o f  the cryogenic l iq u id  was observed a t 50 g in te rv a ls .  No tempera­

ture measurements were made. S ig n if ica n t resu lts  are reported as f o l ­

lows:

1) For LN2-water s p i l l s ,  a b o il in g  heat f lu x  o f 0.8 ± 0 . 1  cal/cm2- 

sec (10,450 ±750 B t u / f t 2-hr) is reported. This value is  determined from 

an average evaporation ra te  over a 20-sec time period.

2) In LMG-water systems several d i f fe re n t  re su lts  are given. These 

re su lts  r e f le c t  the i n i t i a l  quan t ity  o f LMG s p i l le d ,  and the time frame 

w ith in  which the data are averaged. The fo l lo w in g  tab le  summarizes the 

re s u lts .

TABLE 5

BOILING HEAT FLUX LMG-WATER SYSTEM 

(Burgess, 1972, p. 15)

____________________ Heat_Flux_______________________
Li quid Methane  Avq. 0-20 sec  Avg. 30-60 sec _____

Volume, 1 cal/cm2-sec B tu / f t 2-hr cal/cm2-sec B t u / f t 2-hr

2.0 1.3 ± 0.05 17,500 ±630 2.3 ± 0.2 30,040 ± 2,070
3.0 1.7 ± 0 . 3  22,260 ± 3,490 2.2 ± 0.2 28,940 ± 2,080
4.5 2.2 ± 0.1 29,070 ± 1,580 2.7 ± 0.1 35,350 ± 1,040
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3) The reported value o f b o i l in g  heat f lu x  fo r  LNG-water is  2.1 ± 

0.2 cal/cm2-sec (28,400 ± 2,500 B t u / f t 2- h r ) . An average evaporation râte 

over a 20-sec time period is  used in the determination o f the LNG-water 

b o i l in g  heat f lu x .

Published l i te ra tu r e  on the qu a n t ita t ive  experiments give e sse n t ia l­

ly  the same re s u lts .  The b o i l in g  heat f lu x  fo r  LN2-water is  less than 

LMG-water which is  less than LNG-water. A sing le experimental run shows 

th a t LEG-water is  s l ig h t ly  less than LMG-water. No in te r fa c ia l  heat 

tra ns fe r  c o e ff ic ie n ts  are reported in the published l i t e r a tu r e .  Values 

fo r  the b o i l in g  heat f lu x  in the LN2-water system vary from 0.6 to 2.0 

cal/cm2-sec, in the LNG-water system differences o f from 2.5 to 5.7 c a l /  

cm2-sec are reported, and in the LMG-water system values o f 1.3 to 4.7 

cal/cm2-sec are given.
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INSTRUMENTATION AND EQUIPMENT

An overa ll schematic diagram o f the experimental equipment used in  

th is  study is  shown in  Figure 1. A cryogenic l iq u id  is poured onto wa­

te r  contained in  a special dewar f la s k .  Immediate b o i l in g  occurs due to 

the large temperature d if fe rence , causing the cryogen to ra p id ly  evapo­

ra te . The ra te a t which th is  vaporization occurs is  measured d i r e c t ly  

by a weight measurement system consisting o f  a load ce l l  and recorder. 

Thermocouples are located in  the water layer a t  various depths below the 

water surface. The surface temperature as well as temperature gradients 

in the water layer can be measured d i re c t ly  by these thermocouples. An 

additiona l thermocouple is  used to monitor the temperature o f the b o i l ­

ing cryogenic l iq u id .  D if fe re n t rates of heat trans fe r are obtained by 

changing the i n i t i a l  temperature o f the water layer. Detailed descrip­

tions o f the major subsystems o f the experimental equipment w i l l  be de­

scribed in  the fo llow ing  sections.

Experimental Dewar

A sp e c ia l ly  constructed glass dewar f la s k  made by the R. H. A llen 

Company, Boulder, Colorado, was used in  a l l  experimental runs. This

11
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experimental dewar is  shown schematically in  Figure 2. The inner c y l in ­

der of the experimental dewar consists o f a 46 mm ID by 1 mm wall th ic k ­

ness cy linde r which is  210 mm long. A standard taper 24/40 ground glass 

female f i t t i n g  is  attached to  the bottom end o f th is  cy l inde r.  A te f lo n  

plug is  machined to f i t  in to  th is  glass f i t t i n g  to serve as the means o f 

introducing instrumentation leads fo r  the thermocouples in  the water 

layer in to  the experimental dewar f la s k .  The inner cy linde r is supported 

w ith in  an outer s h e l l .  This outer shell consists o f a 75 mm 0D by 1.5 mm 

wall thickness cy linder fused to the inner cy linder at both the top and 

bottom. A special thermal expansion r ing is  formed in the outer shell to 

a llow fo r  rapid temperature changes caused when the cryogen is  poured in ­

to the apparatus. Insu la t ion  fo r  the experimental dewar is obtained by 

evacuating the space between the inner and outer cy linde rs . A vacuum 

level of 1 x 10"6 to r r  is  obtained p r io r  to sealing the glass pumpout 

connection.

Special design parameters considered in the construction of the ex­

perimental dewar include:

a) Glass construction is  used throughout the experimental dewar be­

cause of i t s  low thermal con duc t iv ity . A construction material with low 

thermal conductiv ity  w i l l  reduce wall conduction and therefore minimize 

the wall e ffec ts  on the heat t ra n s fe r .

b) The inner cy l inde r thickness is  as small as possible to reduce 

the sensible thermal energy stored in i t  and thereby reduce the wall e f ­

fe c ts .
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c) A bottom opening is used fo r  instrumentation leads so th a t the 

in te rface  between the cryogen and the water layer w i l l  not be phys ica lly  

d isturbed.

d) Thermal tempering of the water layer instrumentation leads is 

obtained by introducing them through the bottom.

e) Glass construction allows visual and photographic examination 

o f the in te rface  between the cryogen and the water layer as b o i l in g  is 

taking place.

Temperature Measurement System

A system of d i f fe re n t ia l  thermocouples is  used to determine the sur­

face temperature and temperature gradients in  the water layer. Special 

c a l ib ra t io n  iron-constantan (ANSI Type J) thermocouples manufactured by 

the Claud S. Gordon Company, Richmond, I l l i n o i s ,  are constructed as shown 

in Figure 3. The Type J thermocouple is  constructed with a po s it ive  iron  

wire and a negative constantan (a 55% Cu-45% Ni a l lo y )  w ire. This th e r ­

mocouple is  sp e c ia l ly  suited fo r  app lica tions invo lv ing temperatures near 

ambient because i t  has high s e n s i t iv i t y ,  i .  e . , large change in  emf per 

degree of temperature change. Type J thermocouples used in th is  study 

are constructed from 38-gage (0.099 mm 00) wires contained w ith in  a 0.508 

mm 00 p ro tect ive  sheath made o f 304 s ta in less s te e l.  Magnesium oxide 

( MgO) is used as insu la t ion  w ith in  the thermocouple sheath. In order to 

provide fa s t  response time, a grounded junc tion  is  used. This means tha t 

the junc tion  o f the thermocouple is  welded to the pro tective  sheath. 

Maximum response speed can be obtained by using an exposed measuring
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ju n c t io n ; however, an exposed Type J thermocouple cannot be used in wa­

te r  because of corrosion. Maximum l im i ts  o f e r ro r  as reported by the • 

manufacturer are ±1.1°K over the range 273-630°K, and the thermocouple 

response speed is  estimated to be approximately 0.003 sec.

A d i f fe re n t ia l  thermocouple is  also used to monitor the temperature 

of the b o il in g  cryogenic l iq u id .  A special c a l ib ra t io n  copper-constant- 

an (ANSI Type T) thermocouple manufactured by Omega Engineering, In c . ,  

Stamford, Connecticut, is  used fo r  th is  purpose. Figure 4 gives d e ta i ls  

o f how the Type T thermocouple is  constructed. This thermocouple is  rec­

ommended fo r  low-temperature work since the homogeneity o f  the component 

wires can be maintained be tte r than other base metal w ires . Because of 

th is ,  errors due to inhomogeneity of the wires in  zones o f  temperature 

gradients are g rea t ly  reduced. Phys ica lly , the Type T thermocouple is 

the same size as the Type J thermocouples discussed previously and is  

shielded with s im i la r  m a te r ia ls . An exposed measuring junc tion  is  used 

since corrosion is  not a fa c to r .  Maximum l im i t s  o f  e rro r as reported by 

the manufacturer are ±1% in  the low temperature range. At the l iq u id  

nitrogen normal b o i l in g  point o f 77.35°K the maximum e rro r would be 

±0.77°K. Thermocouple response speed is  estimated to be approximately 

0.002 sec.

Voltages developed across the d i f fe re n t ia l  thermocouples are mea­

sured on a Honeywell, Model 1508 Vi si corder, d irec t-record ing  o s c i l lo ­

graph manufactured by Honeywell, Test Instruments D iv is io n , Denver, Col­

orado. Bas ica lly , a galvanometer c i r c u i t  is  used in th is  recording
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oscillograph to trans fe r curren t and voltage var ia t ions  to a photograph­

ic  record. In th is  study, the osc il lograph was equipped w ith Honeywell, 

Series "M" Sub-miniature, Type M40-350A, galvanometers. In order to use 

th is  rapid recording system, the thermocouple signals are am plif ied  in a 

sp e c ia l ly  designed thermocouple a m p li f ie r  before being sent to the re ­

corder. Deta ils  o f the design o f the thermocouple a m p l i f ie r  are given 

in Appendix I I .

A special temperature con tro l led  oven is used fo r  the thermocouple 

reference junc tions . An ice bath could have been used fo r  the reference 

junc tions ; however, be tte r  control o f  the reference temperature as well 

as overa ll convenience are obtained w ith a reference oven. Details of 

the design o f the thermocouple reference oven are given in Appendix I I .

One add it iona l consideration must be taken in to  account in  the tem­

perature measuring system. This is  the fa c t  tha t when changing from the 

thermocouple metal wires to the recorder a thermocouple junc tion  can be 

created. This is p a r t ic u la r ly  true  in  the case of Type J thermocouples 

and is  shown on Figure 3 as term ination ju n c t io n s . To avoid any problems 

associated with th is ,  a l l  thermocouple-to-instrument junctions were main­

tained in an isothermal environment. The Type J thermocouples were in ­

d iv id u a l ly  ca lib ra ted  throughout the temperature range 273-365°K to avoid 

any spurious emf problems. A f in a l  accuracy fo r  the Type J thermocouples 

of ±2°K was obtained on the osc il lograph record. The Type T thermocou­

ples were checked against published emf versus temperature tables and 

found to be w ith in  the stated accuracy. An overa ll accuracy o f ±2°K was 

obtained on the osc il lograph record.
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Weight Measurement System

Measurements o f the ra te  o f  vaporization o f  the b o i l in g  cryogenic 

l iq u id  are made by a load ce l l  system. A Statham Instruments, In c . , 

Model UC-3, Universal Transducing Cell in  conjunction with a Statham In ­

struments, In c . ,  Model UL-4, 0-5 lb  load ce l l  adapter is  used to con tin ­

uously record the weight o f the e n t ire  experimental dewar system. Since 

the load c e l l  works only in compression, the e n t i re  experimental dewar 

system is suspended in  a metal bracket from the load c e l l .  The thermal 

expansion r ing in  the outer shell of the glass dewar f la sk  serves as a 

convenient means of attaching the metal suspension bracket. Figure 5 

shows how an external e le c t r ic a l  system has been added to the load ce l l  

to allow fo r  zeroing out the tare weight o f the experimental dewar sys­

tem. In p rac tice , the zero balance potentiometer is  adjusted to give a 

nu ll signal w ith the water layer a t the desired le ve l.  As the cryogenic 

l iq u id  is  poured onto the water surface, a po s it ive  output is obtained 

from the load c e l l .  A signal of approximately 1 mv is  obtained fo r  a 

weight increase o f 50 g . The signal from the transducer is  passed 

through a signal conditioner and routed to the d irec t-record ing  o s c i l lo ­

graph. A s e n s i t iv i t y  o f  ±0.1 g is  obtained from the load c e l l  system. 

Design information fo r  the load c e l l  signal conditioner is  given in Ap­

pendix I I .
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EXPERIMENTAL PROCEDURES

!

Procedures followed in  th is  study to obtain the basic experimental 

data and to ca lcu la te  the experimental resu lts  w i l l  be discussed in the 

fo l low ing  sections. Each section w i l l  be presented in  the same order as 

the experiment was conducted.

Preparing the Water

Water which has been d i s t i l l e d ,  deionized, deoxygenated by b o i l in g ,  

and f i l t e r e d  is used ,in a l l  experimental runs. The reason fo r  the exten­

sive preparation o f the water used in th is  study is  to be able to insure 

re p ro d u c ib i l i ty  o f  the water in te rface . Exactly 100.0 g of water is 

added to the experimental dewar. During the i n i t i a l  equipment setup,

100.0 g of water is charged to the experimental dewar and the zero ba l­

ance potentiometer is adjusted to give a nu ll output s ig n a l . The Type J 

thermocouples are now positioned a t the desired levels in the water layer. 

One thermocouple is  located a t the lower surface o f the in te rface , one lo ­

cated 10 mm below and another 30 mm below the in te rface . Figure 6 shows 

d e ta i ls  of how the thermocouples are i n i t i a l l y  positioned a t a greater 

depth and how the add it ion  o f the cryogenic l iq u id  depresses the surface

22
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to the desired le v e l.  Once, th is  i n i t i a l i z a t io n  has been established, the 

ad d it ion  o f 100.0 g o f  water to the experimental dewar is e a s i ly  made. .

Water in the experimental dewar is used fo r  one experiment only. 

Water is heated approximately 5°K above the desired level p r io r  to adding 

i t  to the experimental dewar. Cooling occurs as the experimental dewar 

is  heated by the water. Approximately 15 min is  allowed fo r  th is  thermal 

equ il ib r ium  to occur.

Preparing the Cryogenic Liquid

Five d i f fe re n t  cryogenic l iq u id s  were used in th is  study. They were 

l iq u id  nitrogen gas (LN2)> l iq u id  methane gas (IMG), l iq u id  natural gas 

(LNG), l iq u id  ethane gas (LEG), and l iq u id  propane gas (LPG). Each of 

the cryogenic l iq u id s  was contained in a storage dewar a t i t s  normal 

bo il in g  po in t p r io r  to use in  the experiment.

L iqu id  nitrogen gas (LN2) was purchased from Empire Welding Co., 

Denver, Colorado, fo r  use in experiments as well as fo r  use in condensing 

and l ique fy ing  the other gases. P u r ity  o f  the LN2 is 99.0 mole %.

Methane, ethane, and propane gases were obtained from P h i l l ip s  Pe­

troleum Company, B a r t le s v i l le ,  Oklahoma, and were l iq u e f ie d  and used in 

the experiments. P u r ity  o f  the materia ls is 99.0 mole %.

The l iq u id  natural gas (LNG) was obtained by condensing c i t y  pipe­

l in e  gas. An exact analysis o f th is  LNG is not ava ilab le because o f d i f ­

f i c u l t i e s  in sampling. An approximate analysis (via gas chromatography) 

is  given in the fo llow ing  tab le .
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TABLE 6

LIQUID NATURAL GAS ANALYSIS 
Component Mole %

Nitrogen
Methane
Ethane
Propane
Balance

0.55
92.58
6.27
0.40
0.20

100.00

This LNG had an i n i t i a l  b o i l in g  po int o f 108.5°K immediately a f te r  

l iq u e fa c t io n . The b o i l in g  point slowly increased as the LNG was main­

tained in the storage dewar.

Taking the Data

In th is  study, the basic data were obtained experimentally as f o l ­

lows:

1) Record atmospheric pressure and i n i t i a l  temperature o f the water 

layer.

2) Transfer approximately 40 g of the cryogenic l iq u id  from the 

storage dewar to a 50 cc glass dewar. Measure the normal b o il in g  po in t 

of the cryogenic l iq u id .

3) S ta rt the chart on the d irec t-record ing  osc il lograph. Because 

rapid transients are expected, a chart speed of 50.8 cm/min is used.

4) Rapidly pour the cryogenic l iq u id  onto the water surface. This 

should take no longer than 1 sec.

5) V isua lly  observe the i n i t i a l  t ra ns ien t phenomena which are oc­

cu rr ing . This includes immediate formation o f  ice around the perimeter
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o f the experimental dewar above the water in te rface , foaming and rapid 

b o i l in g  due to sensible heat stored in the walls o f the experimental 

dewar, as well as sloshing and splashing of the cryogenic l iq u id  due to 

the pouring action .

6) A fte r  the i n i t i a l  trans ien ts  have diminished, ind ica te  on the 

recorder chart tha t data is  being taken which is usable.

7) Stop taking data when e ith e r ice forms a t the in te rface  or the 

complete surface o f the water is not completely covered w ith cryogenic 

l iq u id .

Calcula ting the Results

Instantaneous heat tra ns fe r c o e ff ic ie n ts  are ca lcu la ted from an in ­

te r fa c ia l  energy balance. In the b o il in g  cryogenic l iq u id ,  the energy 

trans fe rred  appears in the vaporization o f the l iq u id .

The to ta l energy transfe rred is assumed to come from the water layer 

only. E ffects o f  free convection, rad ia t io n , and energy entering through 

the experimental dewar side wall are neglected.

The heat transfe r c o e f f ic ie n t  is  defined by

0 )

where q = ra te  o f energy flow  across a surface, cal/sec

aHv = la te n t  heat of vaporization, ca l/g

= change in mass per u n i t  time, g/sec

q = h i  A i  AT ( 2 )
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where h-[ = in te r fa c ia l  heat tra ns fe r  c o e f f ic ie n t ,  cal/cm2-sec-°K 

= in te r fa c ia l  area, cm2 

A l = temperature d iffe rence , °K

The temperature d iffe rence is  defined by

AT = Tws - T c ( 3 )

where Tw3 = temperature of the water surface, °K

Tc = temperature o f  the cryogenic l iq u id ,  °K

Combining Equations (1 ), (2 ), and (3)

- A H v  a t  = h i  A i  ( T ws - T c ) ( 4 )

rearranging

■ Æ&
A d d it io n a l ly ,  Equation (1) may be solved fo r  the heat f lu x .

k  ■ |6>
Experimentally, values of m, Tws, and Tc are obtained as functions 

o f  time during the experimental run. Values fo r  aHv are obtained from 

published sources and are assumed to be constant. The in te r fa c ia l  area,

A^, is  taken as the inner area o f  the experimental dewar f la s k .
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RESULTS

A to ta l o f 18 experimental runs were conducted to study f i lm  b o i l in g  

heat tra ns fe r  between cryogenic l iq u id s  and water. Twelve successful ex­

periments were conducted using l iq u id  nitrogen (LN2K  l iq u id  methane gas 

(LMG), and l iq u id  natural gas (LNG). Attempts to obtain experimental 

data w ith l iq u id  ethane gas (LEG) and l iq u id  propane gas (LPG) were un­

successful .

Experiments were conducted w ith several points in  mind:

1) Study f i lm  b o il in g  heat trans fe r fo r  several cryogenic l iq u id s  

a t the same temperature d iffe rence.

2) Study f i lm  b o i l in g  heat tra ns fe r  fo r  an ind iv idua l cryogenic l i ­

quid a t  several d i f fe re n t  temperature d ifferences.

3) Study the e f fe c t  of d i f fe re n t  quantit ies  o f cryogenic l iq u id  

poured onto the same temperature water surface.

Experimental resu lts  w i l l  be discussed in d e ta i l  in the fo llow ing  sec­

t ion s . A general overview o f the behavior of each cryogenic l iq u id  w i l l  

be discussed f i r s t .

28
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L i qui d N itrogen (IN 9 )

Film b o i l in g  heat trans fe r between LN2 and water occurs a t the 

largest temperature d iffe rence studied. The b o i l in g  process was ob­

served to be very stable w ith no foaming. The in te rface  between the LN2 

and the water was not smooth but ra ther i r re g u la r .  Experimental resu lts  

fo r  the LN2-water system are tabulated in Tables 1-1 to 1-6, Appendix I .

Liquid Methane Gas (LMG)

Film b o i l in g  between LMG and water was observed to take place with 

much foaming and bubbling in the LMG phase. During th is  b o il in g  process, 

the in te rface  between the LMG and water remained very stable and smooth. 

Such v io le n t  foaming occurred as the LMG was poured onto the water sur­

face tha t the ra te  a t which the tra ns fe r  was made took approximately 

f iv e  times longer than fo r  LN2. Experimental re su lts  fo r  the LMG-water 

system are tabulated in Tables 1-7 to 1-9, Appendix I .

L iquid Ethane Gas (LEG)

No successful experimental runs were conducted with LEG in three 

attempts. In each case the LEG-water immediately formed a s o l id  ice-LEG- 

water block a t the in te rface . Vaporization of the LEG took place and ex­

perimental data were recorded although no LEG-water in te rface  was v is ib le .  

One of the experimental runs is tabulated in  Table I -10, Appendix I ,  fo r  

information on ly .
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Liquid Propane Gas (LPG)

No successful experimental runs were conducted with LPG in three a t ­

tempts. Transfer o f the LPG to the water in te rface  resu lted  in  an imme­

d ia te  "pop" with the LPG being blown out o f the experimental dewar. In 

one run. Table 1-11, Appendix I ,  the LPG was very slowly added to the ex­

perimental dewar, re su lt in g  in the immediate formation o f  a th in  layer 

o f ice . Following the formation o f th is  ice layer, the balance o f the 

LPG was added to the experimental dewar. Data taken in th is  run repre­

sent LPG b o i l in g  from an ice surface. Data fo r  th is  experimental run are 

attached fo r  information on ly.

Liquid Natural Gas (LNG)

Three successful experimental runs were conducted with LNG and wa­

te r .  Results o f the b o i l in g  process were s im ila r  to the LMG-water sys­

tem. I f  any d iffe rence e x is ts ,  i t  is in the ra te  a t  which ice forms

across the water in te r face . In the LNG-water system, the formation o f a 

continuous ice layer occurred fa s te r  than i t  could be v is u a l ly  recorded. 

Experimental resu lts  fo r  the LNG-water system are tabulated in Tables 

1-12 to 1-14, Appendix I .

Vaporization o f the Cryogenic Liquid

The time ra te  of change o f the mass o f the cryogenic l iq u id  is one 

of the pr inc ipa l experimental measurements in th is  study. A comparison 

o f  th is  variab le  fo r  LN2> LMG, and LNG-water systems is shown on Figure 

7. The three experimental runs which are compared on Figure 7 w i l l  be
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used to discuss the important experimental var iab les. The reason fo r  

choosing these p a r t ic u la r  experimental runs is tha t a common temperature 

d iffe rence  ex is ts  which w i l l  be used la te r  fo r  other comparisons. The 

usable data range fo r  each o f  the experimental runs is ind icated on F ig­

ure 7. I n i t i a l  data are not usable because of the i n i t i a l  t ra ns ien t phe­

nomena discussed e a r l ie r .  The term ination o f  the usable data range was 

caused by ice forming completely across the in te r fa c e .

Surface Temperature o f the Water Layer

Varia tion o f the surface temperature o f the water layer as a func­

t ion  o f time is shown on Figure 8 fo r  the three experimental runs being 

discussed. I n i t i a l  temperatures o f  the water layer were chosen to give 

the same temperature d iffe rence between the cryogenic l iq u id  and the wa­

te r  surface. Experimental data show a regular decrease in th is  surface 

temperature.

Temperature of the Cryogenic L iquid

Experimental runs conducted w ith LN2 and LMG did not e x h ib i t  a 

change in temperature ( i . e . , b o i l in g  po int) w ith time because they are 

pure m a te r ia ls . Figure 9 shows how the temperature of the b o i l in g  LNG 

increased during the experimental run. This change in b o i l in g  po in t is 

caused by the lowest b o i l in g  point components being d i s t i l l e d  o f f .  The 

rapid temperature increase occurred simultaneously with formation o f the 

ice layer across the water in te rface . The thermocouple used to measure 

the b o i l in g  cryogenic l iq u id  temperature was contained w ith in  the ice 

1ayer.
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Heat Flux across the In terface

Experimentally determined values o f the heat f lu x  across the in te r ­

face during f i lm  b o i l in g  between the cryogenic l iq u id s  and water are 

shown on Figures 10-13. Each o f  these f igu res w i l l  be discussed in d i ­

v id u a l ly .

Figure 10 compares the in te r fa c ia l  heat f lu x  versus the in te r fa c ia l  

temperature d ifference fo r  the three experimental runs which are being 

discussed. At a given value of temperature d if fe rence , the heat f lu x  

increases as the systems change from LN2-water to LMG-water to LNG-water.

Note also tha t the heat f lu x  decreases with decreasing temperature 

d i f fe re n ce . This decrease in heat f lu x  occurs as the experimental run 

proceeds in time because of the cooling o f the water surface (see Figure 

8 ).

Figure 11 compares the in te r fa c ia l  heat f lu x  fo r  an LMG-water and 

an LNG-water system versus the in te r fa c ia l  temperature d if fe re n ce . At a 

given temperature d if fe rence , the LNG-water system has a higher heat 

f lu x  than the LMG-water system. Heat fluxes fo r  LMG-water and LNG-water 

systems increased as the in te r fa c ia l  temperature d ifference decreased.

The opposite e f fe c t  was noted in  the LN2-water system — as the in te r fa ­

c ia l temperature d iffe rence increased, the in te r fa c ia l  heat f lu x  also in ­

creased.

R eproduc ib il i ty  o f  the experimental data fo r  the LN2-water system 

is shown on Figure 12. Six experimental runs are shown on th is  f ig u re .

At each o f the three temperature leve ls , two experimental runs were
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conducted. The i n i t i a l  quan tity  o f LN2 poured onto the water surface 

was varied between the two runs. No e ffec ts  of the quantity  o f  LN2 were 

noted.

A summary o f  a l l  experimentally determined in te r fa c ia l  heat fluxes 

as functions o f the in te r fa c ia l  temperature d ifference are shown on F ig­

ure 13. Trends of the experimental data are the same as have been d is -
/

cussed previously.

Figure 14 shows a summary o f  a l l  o f the experimentally determined 

in te r fa c ia l  heat trans fe r c o e ff ic ie n ts  as functions o f  the in te r fa c ia l  

temperature d if fe re n c e .

Error Analysis

According to  Mickley (1957, p. 54), e rror analysis can be performed 

as fo l low s . I f  Q' is a function o f several measured q u a n t it ie s , i . e . ,

Q' = e (q i>  q2 . qn ) (7 )

then the expression fo r  ca lcu la t ing  the error in  Q1 re su lt in g  from the 

measured values is

AQ' = f ^ A ql + f ^ A q2 + • • •  f ^ A qn (8)

where the quan tit ies  Aq ls Aq2 , . . .  Aqn , are considered as errors  in  q1# 

q2, . . .  qn. This technique often overestimates the e rro r  in Q'.

From Equation (2 ),  h^ is  given as

h i  = a / aT (9 )
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Data from Experimental Run No. 12 w i l l  be u t i l i z e d  to  compute the 

e rro r  in h^, since th is  should ind ica te  the maximum erro r because q /A T  

w i l l  be greatest. In the preceding equation, q is an in d ire c t ly  de ter­

mined quantity  i t s e l f .  Equation (1) shows tha t

q = -  AHV (TO)

Approximate values of the data and the estimated maximum errors as­

sociated with each var iab le  are taken as:

Variable Approximate Value Measured to

AHv 125 ca l/g  ±6.25 ca l/g  (5%)

j j r  -1.75 g/sec ±0.1 g/sec

P a r t ia l  de riva tives o f Equation (10) needed fo r  use in an equation 

o f the form o f Equation (8) are as fo llow s.

3g dm
3(AHv) d t ( 11)

f k r  = - ^  <12>
3 dt

Consequently

Aq -  a( aHv ) — AHV A (13)

Aq = + 1.75 (6.25) -  125 ( -  0.1) (14)

Aq = 10.94 + 12.5 = 23.44 cal/sec (15)
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Since the approximate value o f q is  218.75 ca l/sec, the maximum per­

centage e rro r is ±(23.44/218.75)100 or ±10.7%.

Returning to Equation (9 ), the error in  fi£ fo r  Experimental Run No. 

12 can now be estimated.

Variable Approximate Value Measured to

q 218.75 cal/sec ±23.44 cal/sec

A i 16.62 cm2 ±0.4 cm2

AT 200°K ±4°K

Measurement e r ro r  fo r  A i was ca lcu la ted assuming an e r ro r  in the in te rna l 

diameter o f 0.5 mm. Since each temperature is measured to ±2°K, the max­

imum possible e rro r o f ±4°K was assumed fo r  the temperature d iffe rence. 

P a rt ia l  derivatives required are

MU = 1
3q A i AT 0 6 )

M u = ____ 9_
3AT A i AT̂ (18)

Consequently

Âhi  A i AT Aq A i^  AT AAi A i V 2 A(AT) 0 9 )

_ (23.44 cal/sec) (218.75 c a l /s e c ) (— 0.4 cm2)
I  (16.62 cm2)(200ol<) (16.62 cm2) 2 (200°K)

(218.75 c a l /s e c ) ( -  4°K)
~  '(16:62 cm2)(200°K)2 ' (20)
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Ahi = 0.0071 + 0.0003 + 0.0013 = 0.0087 cal/cm2-sec-°K

The approximate value fo r  is  0.0653 cal/cm2-sec-°K. Therefore, the 

maximum percentage e rro r is ±(0.0087/0.0653)100 or ±13.3%.



WE
IGH

T 
OF 

CR
YO

GE
NIC

 
LIQ

UI
D,

 g

T-1553 37

LEGEND
SYMBOL RUN NO MATERIAL

IN  2 

LMG 
LNG

30

DENOTES USABLE 
DATA RANGE

25

40

TIME, sec

FIGURE 7 . CHANGE IN MASS OF THE BOILING CRYOGENIC LIQUID
AS A FUNCTION OF TIME



SU
RF

AC
E 

TE
MP

ER
AT

UR
E 

OF 
WA

TE
R 

LA
YE

R,
0 K

T-1553 38

350
LEGEND

SYMBOL RUN NO. MATERIAL
LN2

LMG
LNG340

330

320

310

300

290

280
0 10 20 30 40 50

TIME, sec

FIGURE 8. CHANGE IN SURFACE TEMPERATURE OF THE WATER LAYER
AS A FUNCTION OF TIME



TE
MP

ER
AT

UR
E 

OF 
BO

ILI
NG

 
CR

YO
GE

NIC
 

LI
QU

ID
,°K

T-1553 39

145

140

135

130

125

120

115

110 5020

TIME, sec

FIGURE 9. CHANGE IN TEMPERATURE OF THE BOILING LIQUEFIED
NATURAL GAS AS A FUNCTION OF TIME, EXPERIMENTAL
RUN NO. 14



IN
TE

RF
AC

IA
L 

HE
AT

 
FL

UX
, 

ca
l/c

m
2-s

ec

T-1553 40

25.0
LEGEND 

SYMBOL RUN NO MATERIAL
20.0

15.0 LN2
LMG
LNG10.0

9.0
6.0
7.0
6.0 
5.0

4.0

3.0

2.0

1.0 -  

0.9 - 
0.8 -  

0.7 - 
0.6 -

°  208 222220218216214212210

INTERFACIAL TEMPERATURE DIFFERENCE,0 K

FIGURE 10. COMPARISON OF INTERFACIAL HEAT FLUX AS A FUNCTION
OF INTERFACIAL TEMPERATURE DIFFERENCE FOR IN ?-WATER,
LMG-WATER, AND LNG-WATER



IN
TE

RF
AC

IA
L 

HE
AT

 
FL

UX
, 

cal
/cm

 
-se

c

T-1553 41

25.0
LEGEND 

SYMBOL RUN NO MATERIAL20.0

LMG
LNG15.0

10.0
9.0
8.0 
7.0

6.0

5.0

4.0

3.0

2.0

1.0
200 202196 198194190 192188

INTERFACIAL TEMPERATURE DIFFERENCE,0 K

FIGURE 11. COMPARISON OF INTERFACIAL HEAT FLUX AS A FUNCTION
OF INTERFACIAL TEMPERATURE DIFFERENCE FOR LMG-WATER
AND LNG-WATER
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DISCUSSION OF RESULTS

In te r fa c ia l  heat fluxes and in te r fa c ia l  heat tra ns fe r  coe ff ic ie n ts  

have been determined fo r  f i lm  b o i l in g  of l iq u id  nitrogen (LN2) > l iq u id  

methane gas (LMG), and l iq u id  natural gas (LNG) on water. A l l  experi­

mental data are reported fo r  trans ien t b o il in g  o f the cryogenic l iq u id  

on a free water surface.

Experiments using l iq u id  ethane gas (LEG) and l iq u id  propane gas 

(LPG) were unsuccessful. The LEG-water system immediately formed a 

block of ice completely across the water in te rface  inc lud ing  the cryo­

genic l iq u id .  The LPG-water system was so unstable tha t immediately f o l ­

lowing the trans fe r of LPG to the water surface, i t  was blown out of the 

experimental dewar. I t  is  believed that the LEG and more s p e c i f ic a l ly  

the LPG bo il in  the t ra n s i t io n  region. The tra ns fe r o f energy in the 

case of LPG is so fa s t  th a t the materia l immediately vaporizes and is 

propelled out o f the experimental dewar f la s k  by i t s  own vapors. In the 

case o f LEG-water, the energy tra ns fe r  is not fa s t  enough to cause v io ­

le n t  vaporiza tion; however, i t  is s u f f ic ie n t ly  rapid to immediately 

cause freezing of the water.

45
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LNo-Water

Six experimental runs were conducted using the LN2-water system. . 

In te r fa c ia l  heat f lu x  and in te r fa c ia l  heat tra ns fe r  c o e ff ic ie n ts  are 

shown on Figures 13 and 14. Peak in te r fa c ia l  heat f luxes and in te r fa c ia l  

heat t ra n s fe r  c o e ff ic ie n ts  are given in  the fo llow ing  tab le .

TABLE 7 / ------------
SUMMARY OF LN9-WATER EXPERIMENTAL RESULTS

Experimental Run No.

In te r fa c ia l  
Temperature 

Difference, °K

Maximum 
Heat Flux, 

cal/cm2-sec

Maximum 
Heat Transfer 
C o e ff ic ien t,  

cal/cm2-sec-°K
x 103

218.0
221.7
231.0
234.8 
253.6
256.0

0.9
1.1
1.1
1.7
2.1
1.9

4.0
4.9
4.7
7.3 
8.2
7.4

Errors in the ind iv idua l experimental runs have been discussed pre­

v ious ly . Overall re p ro d u c ib i l i ty  o f the LN2-water experimental runs is 

shown on Figure 12.

Flynn (1961, p. 543) reports f i lm  b o i l in g  heat f lu x  fo r  LN2 on a 

copper heat t ra n s fe r  tube a t atmospheric pressure. At a temperature 

d iffe rence  o f approximately 225°K a heat f lu x  of 0.7 cal/cm2-sec is re ­

ported. Comparison o f these data w ith  the experimental data given in 

Table 7 shows th a t reasonable agreement is  obtained. The d iffe rence in 

atmospheric pressure between the data taken by Flynn at Davenport, Iowa,
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and th is  study conducted at L i t t le to n ,  Colorado, could explain the small 

d iffe rence . Typ ica lly ,  f i lm  b o i l in g  of pure compounds from so lid  sur­

faces shows tha t a t a given leve l o f heat f lu x  the temperature d iffe rence 

increases as the pressure decreases. In th is  case, as the pressure in ­

creases at a constant temperature d iffe rence, the b o il in g  heat f lu x  de­

creases.

Agreement between the experimental data obtained in th is  study and 

tha t obtained by Burgess and Nakanishi w i l l  now be discussed. Burgess 

(1970, p. 9) reports a maximum b o i l in g  heat f lu x  o f 1.1 cal/cm2-sec and 

an average value of 0.6 cal/cm2-sec. The in te r fa c ia l  temperature d i f f e r ­

ence is  not given. Burgess (1972, p. 14) reports tha t a value of 0.8 

cal/cm2-sec was obtained in the second phase o f te s t in g .  Nakanishi 

(1971b, p. 1) reports experimental data fo r  an in te r fa c ia l  temperature 

d iffe rence o f approximately 2750K ranging from 0.7-2.0  cal/cm2-sec (see 

Table 2). A l l  o f  the reported resu lts  are in  f a i r  agreement with the ex­

perimental resu lts  obtained in th is  study.

Nakanishi (1971b, p. 1) reported tha t fo l low ing  a s p i l l  of LN2 on 

water a t a temperature o f 278°K, the temperature 5 mm below the water 

surface dropped to nearly 105°K a f te r  90 sec. This sudden and dras tic  

lowering o f the water temperature was not observed in  any o f  the experi­

mental runs conducted in th is  study. I t  is believed tha t the tempera­

ture of an ice layer was ac tu a lly  being measured. S im ila r resu lts  were 

reported by Burgess (1970, p. 10) and Nakanishi (1971b, p. 2) fo r  LNG- 

water systems.
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A fu r th e r  check o f the data in  these experimental runs was made by 

comparing an energy balance on the bo il in g  cryogenic l iq u id  (Equation 1) 

w ith an energy balance on the water layer. Three thermocouples located 

a t  the surface, 10 mm and 30 mm below the surface o f  the water laye r, are 

assumed to measure the average temperature o f a zone o f  water. A simple 

energy balance is then w r it te n  fo r  each zone and summed to obtain the to ­

ta l  energy transferred . A fte r  the i n i t i a l  t ra ns ien t b o il in g  period, the 

energy transfe rred during a 10-sec time period from the water layer to 

the b o i l in g  cryogenic l iq u id  agreed to w ith in  ±5% o f the energy balance 

on the b o i l in g  cryogenic l iq u id .

LMG-Water

Three experimental runs were made using LMG. In te r fa c ia l  heat f lu x  

and in te r fa c ia l  heat tra ns fe r  co e ff ic ie n ts  are shown on Figures 13 and 

14. Maximum in te r fa c ia l  heat f lu x  and in te r fa c ia l  heat t ra n s fe r  c o e f f i ­

c ien ts are shown in  the fo l low ing  tab le .

TABLE 8

SUMMARY OF LMG-WATER EXPERIMENTAL RESULTS

Maximum 
Heat Transfer

In te r fa c ia l  Maximum C o e ff ic ie n t,
Temperature Heat Flux, cal/cm2-sec-°K 

Experimental Run No. D ifference, °K ca1/cm2-sec x IQ3

8 196.2 4.7 24.1
9 209.7 4.1 19.7
7 219.8 4.4 20.2
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Nakanishi (1971b, p. 3) reports s im ila r  re su lts  fo r  LNG b o i l in g  on 

a water surface at 278°K (see Table 3 ).

Burgess (1972, p. 15) gives the re su lts  shown in Table 5. E ffects  

o f d i f fe re n t  quantit ies  o f  LMG s p i l le d  on water were not included in th is  

study. Burgess reports values fo r  the in te r fa c ia l  heat f lu x  in the range 

of 1.3-2.7 cal/cm2-sec. Sciance (1967, p. 400) reports th a t fo r  LMG f i lm  

b o i l in g  on a gold-p lated cy l inde r a t atmospheric pressure and a tempera­

ture d iffe rence of 200°K, a b o i l in g  heat f lu x  o f 1.1 cal/cm2-sec is ob­

served. This value appears to ind ica te  tha t the work o f Burgess was con­

cerned with an LMG-ice system.

LNG-Water

Three experiments were conducted using l iq u id  natural gas (LNG) 

s p i l le d  on water. Table 6 gives an approximate analysis o f  the LNG used 

in the s p i l l  tes ts . Summaries o f the experimental resu lts  are given in  

Figures 13 and 14. Maximum in te r fa c ia l  heat f lu x  and in te r fa c ia l  heat 

tra ns fe r c o e ff ic ie n ts  are given in  the fo llow ing  tab le .

TABLE 9

SUMMARY OF LNG-WATER EXPERIMENTAL RESULTS

Maximum 
Heat Transfer

In te r fa c ia l  Maximum C oe ff ic ien t,
Temperature Heat Flux, cal/cm2-sec-°K 

Experimental Run No. D ifference, °K cal/cm2-sec * 103

13 
12
14

198.0 
200.7
220.1

12.0
13.1
13.1

60.8
65.3
59.8
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During the experimental runs using LNG the temperature o f the b o i l ­

ing cryogenic l iq u id  increased during the run because the lowest b o i l in g  

components were being d i s t i l l e d  o f f . Figure 9 shows an example o f t h i s . 

This observation is not reported by e ith e r  Burgess o r  Nakanishi. A de­

ta i le d  examination o f data presented by Burgess (1970, p. 10) shows s im i­

la r  data; however, Burgess does not discuss th is  fa c t .

Some questions must be raised about the reported data with regard to 

whether the LNG was b o i l in g  on a water surface or on ice . Burgess (1970, 

p. 5) reported tha t an ice f i lm  formed completely across the water sur­

face between 2 and 3 sec a f te r  an LNG s p i l l .  Further, Burgess (1970, p.

9) did not obtain s ig n i f ic a n t ly  d i f fe re n t  re su lts  when LNG was s p i l le d  on 

ice ra ther than water. An average heat f lu x  of 2.5 ± 0.25 cal/cm2-sec 

was reported fo r  a l l  experiments. The water temperature was not reported.

Nakanishi (1971b, p. 2) conducted an experiment using condensed 

p ipe line  natural gas (CPG) s p i l le d  on a water surface a t 353°K and spe­

c i f i c a l l y  reported tha t no ice laye r was formed. Results o f th is  experi­

ment are shown in  Table 2. This tab le  shows an i n i t i a l  b o i l in g  heat f lu x  

o f 5.7 cal/cm2-sec a t the 10-sec po in t in the experiment dropping to 3.4 

cal/cm2-sec at the 30-sec po in t.

In th is  study. Experimental Run No. 14 comes the c losest to d u p l i ­

cating the previously discussed experiments. During the time period when 

the LNG was f i lm  b o i l in g  on a l iq u id  water surface the in te r fa c ia l  heat 

f lu x  was experimentally determined to be 13.1 cal/cm2-sec a t an in te r ­

fa c ia l temperature d iffe rence of 220.1°K. Differences between the
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re su lts  o f th is  study and those o f Nakanishi are a t t r ib u te d  to  two fa c ­

to rs :

1) Differences in composition of the LNG used in th is  study and in

the CPG used by Nakanishi (1971a, p. 38). LNG used in th is  study con­

tained less nitrogen and s ig n i f ic a n t ly  greater quan tit ies  o f higher b o i l ­

ing components.

2) Differences in the in te r fa c ia l  temperature d i f fe re n ce .

Brown (1968, p. 651) reports f i lm  b o il in g  data fo r  LNG using the

equipment described by Sciance (1967, p. 396). Temperature differences 

and experimental pressures were s ig n i f ic a n t ly  higher than in the present 

study and no meaningful comparison can be made.
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CONCLUSIONS

/

Experimental1y determined in te r fa c ia l  heat f luxes and in te r fa c ia l  

heat trans fe r co e ff ic ie n ts  as functions o f the in te r fa c ia l  temperature 

d ifference have been obtained fo r  the f i lm  b o i l in g  o f l iq u id  nitrogen 

(LN2) > l iq u id  methane gas (LMG), and l iq u id  natural gas (LNG) on water. 

Experimental resu lts  obtained in  th is  study v e r i f y  other previously pub­

l ished re su lts .  I t  appears th a t the key var iab le  in the experimental re ­

su lts  of th is  study and the other studies is whether or not the cryogenic 

l iq u id  is f i lm  b o i l in g  on a water surface or on an ice surface. Further 

work is  needed to study the formation o f ice during the f i lm  b o il in g  pro­

cess.

Accuracy o f  the experimental results  is estimated a t ±13.3%. Major 

con tr ibu ting  fac to rs  to  the experimental e r ro r  are the determination of 

an accurate vaporization rate o f the cryogenic l iq u id  and an accurate 

determination of the area of the water surface once ice formation has 

s tarted . Temperature measurements are s u f f ic ie n t ly  accurate; however, 

the location of the thermocouple measuring the surface temperature o f 

the water is  c r i t i c a l .  No measurements of the temperature o f the vapor

52
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f i lm  between the l iq u id s  was made. Detailed analysis o f the b o i l in g  pro­

cess requires tha t th is  temperature must be determined.

Figures 13 and 14 show graph ica lly  the experimental re s u lts .  Nei­

ther the in te r fa c ia l  heat f lu x  nor the in te r fa c ia l  heat tra ns fe r c o e f f i ­

c ien t is  a continuous function  o f the in te r fa c ia l  temperature d if fe rence . 

This d iffe rence may be caused by several fac to rs :

1) inaccurate determination o f  the water surface temperature

2) inaccurate determination o f the area o f  the water surface

3) contamination of the water surface by the vapor from the bo il in g  

cryogenic l iq u id  re su lt in g  in  changing physical p rope rt ies . Improvements 

in the experimental equipment and procedures are needed to c la r i f y  th is  

observation.

Because of the widely d i f fe r in g  behavior o f the LMG-water, LNG-water, 

LEG-water and LPG-water systems, more composition-dependent studies need 

to be conducted. Judicious choice of LMG-LEG or LMG-LPG systems may a l ­

low experimental studies o f the t ra n s i t io n  b o il in g  region. A re fined ex­

perimental technique and more sophisticated.experimental apparatus w i l l  

be required to conduct these studies.

The data of th is  inve s t iga t io n  provide a s ig n i f ic a n t  extension in 

the re la t io n sh ip  between the in te r fa c ia l  heat f lu x  and the in te r fa c ia l  

temperature d iffe rence fo r  LN2$ LMG, and LNG f i lm  b o il in g  on water. No 

attempt was made to  develop a mathematical co rre la t io n  fo r  the f i lm  b o i l ­

ing process because in s u f f ic ie n t  data were obtained. D i f f i c u l t ie s  in  ob­

ta in ing  data o f the accuracy required fo r  mathematical co rre la t ions  need 

to be overcome and more work needs to be undertaken in th is  area.
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NOTATION

A = area, cm2

AH = la te n t  heat o f vaporization, ca l/g  

h = heat tra ns fe r  c o e f f ic ie n t ,  cal/cm2-sec-°K 

m = mass, g

q = ra te  of energy flow across a surface, cal/sec 

T = temperature, °K 

t  = time, sec

Subscripts

c = cryogenic l iq u id  

i  = in te rface  

s = surface 

v  = vapor 

w = water
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APPENDIX I 

EXPERIMENTAL DATA
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TABLE 1-1

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 1

I n i t i a l  LN2 Weight:
I n i t i a l  LN2 Temperature: 
I n i t i a l  Water Temperature: 
Atmospheric Pressure:

20.3 g 
75.8°K 
310.0°K
622.8 mm Hg @ 297.4°K

Time, sec LN? Weight, g
Temperature, °K

Surface 10 mm

0.0 20.3 310.0 310.0
5.0 17.0 308.1 308.6

10.0* 15.1 306.8 308.1
15.0 13.4 306.0 307.6
20.0 12.0 305.2 306.5
25.0 10.7 304.8 305.8
30.0 9.5 304.0 305.0
35.0 8.3 303.4 304.3
40.0 7.3 302.5 303.4
45.0 6.3 301.7 302.8
50.0** 5.4 301.3 302.1
55.0 4.5 300.7 301.9
60.0 3.6 300.0 301.4

30 mm

310.0
309.6
308.7 
308.2
307.6
306.6
306.1
305.2
304.5
303.8
302.9 
302.8
302.6
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TABLE 1 -2 -

HEAT 'TRANSFER 'DATA, EXPERIMENTAL RUN NO. 2

I n i t i a l  LN2 Weight:
I n i t i a l  LN2 Temperature: 
I n i t i a l  Water Temperature: 
Atmospheric Pressure:

LN? Weight, g

16.5
14.3 
12.8
11.4 
10.1
8.9
7.7
6.5
5.3
4.1
3.3
2.8
2.3

16.5 g 
75.8°K 
298.3°K
622.8 mm Hg @ 297.5°K

Temperature, °K 0
Surface 10 mm 30 mm

298.3 298.3 298.3
295.7 297.0 298.0
293.8 296.8 297.6
293.2 296.5 296.8
292.0 295.8 296.1
291.0 295.2 295.6
288.0 294.0 295.0
285.6 293.0 294.6

Ice Formed 292.0 293.2
Ice Formed 292.0 292.7
Ice Formed 291.9 292.4
Ice Formed 291.8 292.2
Ice Formed 291.8 292.0

Time, sec

0. 0
5. 0

10. 0*
15. 0
20. 0
25. 0
30. 0
35. 0**
40. 0
45. 0
50. 0
55. 0
60. 0
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TABLE 1-3

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 3

I n i t i a l  LN2 Weight:
I n i t i a l  LN2 Temperature: 
I n i t i a l  Water Temperature: 
Atmospheric Pressure:

Time, sec LN? Weight, g

0.0 25.0
5.0 18.4

10.0* 15.2
15.0 12.5
20.0 10.4
25.0 8.5
30.0 6.8
35.0 5.3
40.0** 4.0
45.0 '2.9
50.0 2.0
55.0 1.2
60.0 0.6

25.0 g 
75.8°K 
336.4°K
622.9 mm Hg @ 297.5°K

Temperature, °K 0
Surface 10 mm 30 mm

336.4 336.4 336.4
330.0 334.0 334.3
329.4 333.0 333.6
328.4 332.0 332.5
327.0 330.2 330.6
325.9 329.0 329.8
325.0 327.8 329.0
324.0 326.5 327.7
323.0 325.0 326.3
322.4 323.8 324.7
321.5 322.2 322.9
320.5 321.0 322.0
319.5 320.5 321.5
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HEAT TRANSFER

TABLE 1-4 

DATA, EXPERIMENTAL RUN NO. 4

I n i t i a l ln2 Weight: 31.2 g
I n i t i a l LNo Temperature: 75.8°K
I n i t i a l Water Temperature: 315.5°K
Atmospheric Pressure 623.0 nm Hg @ 297.5°K

/

Temperature, °K @
30 mmTime, sec LN? Weight, g Surface 10 mm

0.0 31.2 315.5 315.5 315.5
5.0 27.4 312.0 313.6 314.0

10.0* 24.4 310.6 311.8 312.6
15.0 22.1 309.5 310.4 311.2
20.0 19.8 308.1 309.9 310.3
25.0 17.7 306.7 308.8 309.4
30.0 15.8 305.8 307.6 308.6
35.0 14.1 305.2 306.5 307.7
40.0 12.6 303.6 305.6 307.1
45.0** 10.3 302.6 304.7 306.1
50.0 9.2 302.2 304.2 305.2
55.0 8.2 301.2 303.7 304.5
60.0 7.3 300.1 303.5 303.8
75.0 4.9 299.0 302.4 302.7
90.0 2.8 297.6 300.2 300.6
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TABLE 1-5

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 5

I n i t i a l  LN2 Weight: 33.2 g
I n i t i a l  LN2 Temperature: 75.8°K
I n i t i a l  Water Temperature: 342.0°K
Atmospheric Pressure: 623.2 mm Hg @ 297.3°K

Temperature, °K @
Time, sec LN? Weight, g Su rfa  ce 10 mm 3 0 mm

0.0 33.2 342.0 342.0 342.0
5.0 26.8 334.3 339.5 340.0

10.0 22.7 333.0 338.0 338.3
15.0* 19.4 331.8 336.4 337.0
20.0 16.5 330.5 334.3 335.4
25.0 14.1 329.3 333.0 334.4
30.0 12.0 327.5 332.2 333.6
35.0 10.1 326.8 330.4 332.0
40.0 8.4 325.4 329.2 331.7
45.0 6.7 324.4 328.0 331.3
50.0** 5.4 322.8 326.2 329.8
55.0 4.2 322.2 325.6 329.0
60.0 3.1 320.9 325.2 328.1
75.0 0.5 320.3 324.8 326.7
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TABLE 1-6

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 6

I n i t i a l  LN2 Weight: 27.5 g
I n i t i a l  LN2 Temperature: 75.8°K
I n i t i a l  Water Temperature: 311.6°K
Atmospheric Pressure: 622.8 mm Hg @ 296.8°K

Temperature, °K 0
Time, sec LN? Weight, g Surface 10 mm 30 mm

0.0 27.5 311.6 311.6 311.6
5.0 23.1 305.9 308.3 309.4

10.0 20.8 302.8 307.2 309.0
15.0 18.7 299.8 306.1 308.4
20.0* 16.8 297.5 305.1 307.6
25.0 15.1 295.5 303.3 306.1
30.0 13.6 293.7 303.1 304.2
35.0 12.2 292.0 302.9 303.8
40.0 10.9 290.4 302.7 303.2
45.0** 9.7 288.4 302.1 302.8
50.0 8.5 Ice Formed 301.8 302.4
55.0 7.4 Ice Formed 301.6 301.8
60.0 6.3 Ice Formed 301.3 301.4
75.0 3.3 Ice Formed 299.9 300.2
90.0 1.7 Ice Formed 298.3 299.0
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TABLE 1-7

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 7

I n i t i a l LMG Wei ght: 21,3 g
I n i t i a l LMG Temperature: 109.4°K
I n i t i a l Water Temperature: 338.3°K
Atmosphe r ic Pressure: 623.5 mm Hg @ 298.0°K

Température, °K @
30 mmTime, sec LMG Weight, g Surface 10 mm

0.0 21.3 338.3 338,3 338.3
5.0 19.9 335.5 336.8 337.6

10.0 18.2 332.8 336.1 336.8
15.0 16.5 330.7 - 335.0 336.0
20.0 13.7 329:2 333.9 335.0
25.0* 10.9 327.7 333.3 334.4
30.0 8.7 326.8 332.8 333.2
35.0 6.7 325.7 331.4 332.1
40.0 4.9 324.5 330.8 331.6
45.0 3.5 323.4 330.0 330.6
50.0 2.3 322.4 328.8 329.5
55.0** 1.3 314.9 327.4 328.1
60.0 0.6 306.9 326.5 327.3



T-1553 64

TABLE 1-8

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 8

I n i t i a l  LMG Weight:
I n i t i a l  LMG Temperature: 
I n i t i a l  Water Temperature: 
Atmospheric Pressure:

19.8 g 
109.4°K 
309.5°K
623.5 mm Hg @ 298.1°K

Time, sec LMG Weight, g Surface
Temperature, °K @ 

10 mm 30 mm

0.0 19.8 309.5 309.5 309.5
5.0 14.2 306.5 307.8 308.2

10.0* 11.0 305.6 307.3 307.7
15.0 8.1 304.6 306.5 307.3
20.0 5.5 303.1 306.2 307.0
25.0 3.2 301.0 305.5 306.8
30.0** 1.1 297.8 303.9 305.1
35.0 0.0 297.7 302.5 303.3
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TABLE 1-9

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 9

I n i t i a l  LMG Weight:
I n i t i a l  LMG Temperature: 
I n i t i a l  Water Temperature: 
Atmospheric Pressure:

19.8 g 
109.4°K 
323.8°K
623.1 mm Hg @ 297.4°K

Time, sec LMG Weight, g Surface
Temperature, °K @ 

10 mm 30 mm

0.0 19.8 323.8 323.8 323.8
5.0 17.1 320.0 322.4 323.0

10.0 14.4 319.1 321.5 321.8
15.0 11.7 318.1 320.8 321.0
20.0* 9.0 317.3 320.2 320.6
25.0 6.5 316.4 319.6 320.0
30.0 4.4 315.8 319.2 319.8
35.0 2.5 315.0 319.0 319.7
40.0** 0.8 314.1 318.0 318.5
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TABLE I -10

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 10

I n i t i a l LEG Wei ght: 21.2 g
I n i t i a l LEG Temperature : 181.0°K
I n i t i a l Water Temperature: 301.9°K
Atmospher i c Pressure: 623.3 mm Hg @ 297.7°K

Temperature, °K @
Time, sec LEG Weight, g Surface 10 mm 30 mm

0.0 21.2 301.9 301.9 301.9
5.0 18.7 299.7 300.8 301.4

10.0 16.2 299.0 300.2 301.1
15.0 14.2 298.3 299.6 300.6
20.0 12.3 297.3 299.3 300.1
25.0 10.5 296.3 298.6 299.9
30.0 8.8 295.1 298.2 299.3
35.0 7.2 294.2 297.4 298.7
40.0 5.7 293.3 296.8 298.0
45.0 4.3 292.3 295.5 297.4
50.0 3.1 291.4 294.8 296.4
55.0 2.1 290.7 294.3 295.7
60.0 1.3 289.9 290.9 294.8
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TABLE 1-11

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 11

I n i t i a l LPG Weight: 19.6 g
I n i t i a l LPG Temperature: 226.8°K
I n i t i a l Water Temperature: 294.0°K
Atmospheric Pressure: 623.7 mm Hg @ 297.9°K

Temperature, °K @
Time, sec LPG Weight, g Surface 10 mm 30 mm

0.0 19.6 294.0 294.0 294.0
5.0 16.2 291.2 293.8 294.0

10.0 14.5 286.3 293.1 293.5
20.0 13.2 281.1 292.5 293.0
30.0 11.8 276.5 291.7 292.4
60.0 8.5 270.0 291.0 291.9
75.0 7.3 265.0 290.4 291.2
90.0 6.0 262.4 289.7 290.7

105.0 5.0 260.7 289.3 290.1
120.0 4.0 256.8 288.9 289.8
180.0 0.4 252.0 288.0 289.2
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TABLE 1-12

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 12

I n i t i a l  LNG Weight: 21.8 g
I n i t i a l  LNG Temperature : 108.8°K
I n i t i a l  Water Temperature: 314.5°K
Atmospheric Pressure: 623.8 mm Hg @ 297.7°K

Temperature, °K @
Time, sec LNG Weight, g LNG Temperature, °K Surface 10 mm 30 mm

0.0 21.8 108.8 314.5 314.5 314.5
5.0 19.6 110.5 313.4 314.2 314.4
6.0 17.2 111.1 313.2 314.0 314.3
8.0* 13.7 111.8 312.5 313.6 314.1

10.0 10.0 112.7 311.8 313.2 313.9
12.0 7.5 113.7 311.2 312.8 313.7
14.0 5.2 115.1 310.1 312.4 313.2
16.0 3.6 116.6 309.0 312.0 312.7
18.0** 2.8 123.2 307.8 311.2 311.7
20.0 2.3 156.4 306.5 310.6 311.0
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TABLE 1-13

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 13

I n i t i a l  LNG Weight: 22.6 g
I n i t i a l  LNG Temperature: 110.0°K
I n i t i a l  Water Temperature: 315.5°K
Atmospheric Pressure: 624.0 mm Hg @ 298.0°K

Temperature, 0K @
Time, sec LNG Weight, g LNG Temperature, °K Surface 10 mm 30 mm

0.0 22.6 110.0 315.5 315.5 315.5
2.0 20.7 110.6 315.1 315.2 315.3
4.0 18.4 111.2 314.5 314.8 315.0
6.0 15.6 i l l . 9 313.8 314.5 314.7
8.0 12.4 112.7 313.0 314.0 314.5

10.0* 9.2 113.8 311.8 313.7 314.2
12.0 7.6 115.0 310.7 313.3 313.8
14.0 6.7 116.7 309.0 312.9 313.5
15.0** 6.5 120.3 308.6 312.4 313.3
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TABLE I -14

HEAT TRANSFER DATA, EXPERIMENTAL RUN NO. 14

I n i t i a l  LNG Weight: 27.0 g
I n i t i a l  LNG Temperature: 111.1°K
I n i t i a l  Water Temperature: 335.6°K
Atmospheric Pressure: 623.9 mm Hg @ 298.3°K

Temperature, °K 0
Time, sec LNG Weight, g LNG Temperature, °K Surface 10 mm 30 mm

0.0 27.0 111.1 335.6 335.6 335.6
5.0 23.8 111.6 334.9 334.9 335.2

10.0 17.8 112.4 334.2 334.2 334.2
12.0* 14.3 113.2 333.3 333.4 333.4
14.0 11.8 114.0 332.5 332.6 332.6
16.0 10.3 114.8 331.2 331.5 332.0
18.0** 9.0 115.6 329.7 330.7 331.3
20.0 7.7 116.8 327.6 329.6 330.4
22.0 6.4 118.2 325.0 328.4 329.5
24.0 5.2 128.1 321.9 327.1 328.2
25.0 4.5 144.6 320.3 326.7 327.5
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ELECTRONIC INSTRUMENTATION DESIGN

In the course o f th is  study i t  was necessary to design and construct 

several d i f fe re n t  e lec tron ic  instruments in  order to obtain the desired 

leve ls o f s t a b i l i t y ,  s e n s i t iv i t y ,  and l in e a r i t y .  Detailed descriptions 

o f the major e le c tron ic  instruments and systems w i l l  be given in  the f o l ­

lowing sections. On a l l  e lec tron ic  schematic diagrams, resistance is 

given in  ohms, n, and capacitance is given in microfarads, y f ,  unless 

otherwise noted. I f  not shown, the operational am p lif ie rs  use Pin 7 fo r  

pos it ive  supply voltage (+15v d-c) and Pin 4 fo r  negative supply voltage 

(H 5v d -c ).

Thermocouple A m p lif ie r

The thermocouple a m p li f ie r  is a three-stage a m p li f ie r  consisting of 

an input a m p li f ie r ,  an intermediate-stage a m p l i f ie r ,  and a bu ffe r ampli­

f i e r .  Figure I I - l  is  a schematic diagram o f the thermocouple a m p li f ie r .  

This a m p lif ie r  uses yA 725 Instrumentation Operational Am plif ie rs  manu­

factured by F a irch i ld  Semiconductor, Mountain View, C a l i fo rn ia ,  in the 

f i r s t  two stages, and a F a irch i ld  yA 741 Operational A m p lif ie r  in  the 

th i rd  stage.
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The yA 725 is an instrumentation grade operational a m p li f ie r  in ­

tended fo r  precise, low-level signal am p lif ica t ion  app lica tions where 

low noise, low d r i f t ,  and accurate closed loop gain are required. Addi­

t io n a l ly ,  the o f fs e t  nu ll c a p a b i l i ty ,  high input impedance, and high 

voltage gain make th is  device an ideal choice fo r  use in  amplify ing s ig ­

nals generated by d i f fe re n t ia l  thermocouples. The yA 741 is  a high per­

formance operational a m p li f ie r  intended fo r  a wide range o f analog ap­

p l ic a t io n s .  High common mode voltage range, s h o r t - c i r c u i t  p ro tect ion , 

and absence o f " la tch-up" tendencies make the yA 741 ideal fo r  use as a 

bu ffe r a m p li f ie r  between instrumentation am p lif ie rs  and recording de­

vices .

The thermocouple a m p l i f ie r  is  designed to provide:

1) O ffset nu ll c a p a b i l i ty  fo r  each stage by means o f  the BALANCE 

potentiometers. The input to each stage is  shorted and the BALANCE po­

tentiometer is  adjusted to give 0.000 v o l t  output.

2) Precise gain control fo r  the input a m p li f ie r  stage by means o f 

the GAIN TRIM potentiometer. This control compensates fo r  the a d d it io n ­

al resistance caused by u l t r a f in e  thermocouple wire.

3) Low gain (1 0 :1 ) .per stage coupled with accurate frequency com­

pensation to maintain l in e a r i t y .

4) Zero o f fs e t  adjustment at the input to the intermediate-stage 

a m p l i f ie r  by means o f the ZERO ADJUST potentiometer. A precise 1.000 

v o l t  reference voltage is maintained a t TP1 and is d ivided by the ZERO 

ADJUST potentiometer and summed at the input to the intermediate stage.
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By means o f th is  adjustment, d i f fe re n t  voltages ( i .  e . , temperatures) 

can be set as the zero po in t.

5) High frequency noise removal from the input signal via the 0.1

y f  capacitor shunted across the negative feedback re s is to r  on each ampli- 

f i e r .

6) Power supply noise removal. This is accomplished by means of

the 0.1 pf capacitors located as close to the operational am p lif ie rs  as

possible.

7) A f in a l  matching network to determine the recorder s e n s i t iv i t y .

A special re s is to r ,  Rg, is  included in  th is  network fo r  f in a l  adjustment. 

Deta ils o f how the size of re s is to r  Rg is  determined are contained in  the 

operating manual fo r  the Honeywell, Series "M" Sub-miniature, Type M40- 

350A, galvanometers. Factors considered in  determining the size o f  th is  

re s is to r  include the range, s e n s i t iv i t y ,  and damping fa c to r  of the g a l­

vanometer.

The thermocouple a m p li f ie r  has a l in e a r i t y  of ±0.01% and an input 

s e n s i t iv i t y  of ±0.5 m ic rovo lt.

Thermocouple Reference Oven

A brass reference oven block maintaining a precise temperature o f

35.00 ± 0.02°C is  used in th is  study fo r  the thermocouple reference 

po in t. Figure I I - 2  is  a schematic diagram of the reference oven c i r c u i t .  

This c i r c u i t  uses an LM 308 Precision Operational A m p li f ie r  manufactured 

by National Semiconductor Corporation, Santa Clara, C a l i fo rn ia ,  in  con­

junc tion  with a therm istor bridge temperature detector. The LM 308 is a
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precision operational a m p l i f ie r  w ith low input curren t, low o f fs e t  v o l t ­

age, and high input impedance making i t  sp e c ia l ly  suited by applications 

which require long-term s t a b i l i t y .

Temperature changes in  the brass reference oven block are re f lec ted  

in resistance changes in the therm istor causing the bridge to  become 

e le c t r i c a l l y  unbalanced. This unbalance then causes the operational am­

p l i f i e r  to p ropo rt ion a lly  dr ive the power t ra n s is to rs  switching voltage 

to the heating c o i l .

Special features are used in the construction o f  the brass reference 

oven block to insure s t a b i l i t y  and freedom from e le c t r ic a l  noise. The 

construction sequence is as fo llow s :

1) Wrap the brass block with a s ing le layer of f ibe rg la ss  tape in ­

su la t ion .

2) Wind the n ichrome wire heating element d i r e c t ly  onto the insu­

lated brass block spacing i t  as evenly as possible.

3) Wrap on one layer o f f ibe rg la ss  tape in su la t io n .

4) Wrap th is  w ith one layer o f aluminum f o i l  fo r  e le c t ro s ta t ic  

sh ie ld ing .

5) Wrap with several layers (~1.5 cm) of f ibe rg la ss  wool insu la ­

t io n .

6) Place in  styrofoam container.

Thermocouples are inserted completely through the brass reference 

oven block, bent back 180°, and re inserted one-half way through to insure 

thermal tempering. Holes in  the oven block are also f i l l e d  with s i l ico n e  

grease to maintain good heat tra ns fe r .
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A separate power supply is used fo r  the heater c o i l  to e lim inate 

e le c t r ic a l  switching noise as well as to a llow be tte r regu la t ion  o f  the 

voltage supplied to the other instrumentation c i r c u i ts .  Deta ils o f th is  

power supply w i l l  be discussed la te r .

Load Cell Signal Conditioner

A signal conditioner is used in  conjunction with the load ce l l  

weight measurement system. This signal conditioner is used to prevent 

curren t loading o f  the s tra in  gauge bridge c i r c u i t  in the load ce l l  and 

thus re ta in  l in e a r i t y  and also am plify  the signal fo r  recording on the 

osc il lograph. Figure I I -3 is a schematic diagram of the signal condi­

t io n e r  c i r c u i t .

B as ica lly , the signal conditioner consists o f a bu ffe r a m p li f ie r  

stage to provide a very high input impedance and an a m p li f ie r  stage to 

ad just the signal le v e l.  LM 308 Precision Operational Am plif ie rs  are 

used in both stages. Gain adjustment in the a m p li f ie r  stage provides 

f o r  a range of 1:1 to 6:1 a m p li f ica t io n . A 5 y f  capacitor is used to 

shunt the feedback re s is to r  in the a m p li f ie r  stage to remove any high 

frequency noise in  the s ig n a l .

Long-term s t a b i l i t y  is insured through the use o f the LM 308 Pre­

c is io n  Operational A m p lif ie r .  The signal conditioner has a l in e a r i t y  o f 

±0.02% and a s e n s i t iv i t y  o f ±20 m icrovo lt.

Power Supplies

In order to maintain the s t a b i l i t y  and accuracy o f  the e le c tro n ic  

instruments used in  th is  study, a Model LXD-3-152 Lambda Precision Power
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Supply manufactured by Lambda E lectronics Corporation, M e lv i l le ,  New 

York, was employed. This power supply is  regulated to 0.1% accuracy fo r  

va r ia t ions  in e ith e r l in e  voltage or load cu rren t.

A 12v ba tte ry  and a F a irch i ld  yA 7805 voltage regula tor are used to 

provide 5v d-c to the load ce ll  exc ita t ion  c i r c u i t .  A separate power 

supply not connected to the common ground of the other power supplies or 

e le c tro n ic  instruments is  mandatory fo r  the load c e l l  c i r c u i t ,  or a true  

d i f fe re n t ia l  a m p li f ie r  is required to sense the output s ig n a l . Voltage 

regula tion of 0.1% is  maintained by the yA 7805 voltage regu la to r.

A separate, regulated power supply is used fo r  the heater co i l  in  

the thermocouple reference oven c i r c u i t .  A d-c power supply. Model 

6224B, 0-24v, 0-3 amp, manufactured by Hewlett Packard, Palo A lto , C a l i ­

fo rn ia ,  is  used.
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FIGURE I I - l .  SCHEMATIC DIAGRAM OF THERMOCOUPLE AMPLIFIER
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