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FLOW OF HYDROGEN AND HELIUM I N  A SMOOTH 

TLTBE AT HIGH SURFACE TO FLUID 

BULK TEMmURE RATIOS 

By Walter F. Weiland 

ABSTRACT 

Local values of heat transfer coeff ic ients  have been measured 

experimentally f o r  helium and hydrogen gas flowing through an elec- 

t r i c a l l y  heated inconel tube. The experiment was conducted pr i -  

marily t o  determine the effect  on the  heat t ransfer  coefficient of 

a large density change, radial ly ,  i n  the  heat t ransfer  f luid.  

This large density change was accomplished with re la t ive ly  

high surface temperatures a s  compared t o  f l u i d  bulk temperatures 

or more commonly referred t o  as high surface t o  f l u i d  bulk tempera- 

ture ra t io .  The large temperature r a t i o  was achieved by precooling 

the gas with l iqu id  nitrogen. 
U- 

D a t a F  measured f o r  l oca l  values of surface t o  f lu id  bulk 

temperature r a t i o s  up t o  4.5, Reynolds numbers i n  the turbulent 

flow region, surface temperatures up t o  2300' R, heat f lux up t o  

1,600,000 Btu/(hr)(sq f t )  and length t o  diameter r a t i o  of 250. 

A comparison of t h i s  data wi th  t h e  conventional heat transfer '  

correlation equation (Dittus-Boelter eq.) i s  shown on a curve of 

Nusselt number divided by Prandtl number versus the  Reynolds number. 

The gas properties were evaluated a t  the  film temperature and the  

Reynolds number was modified by evaluating the veloci ty  term at the 

f l u i d  bulk temperature and the density at  the  film temperature. 
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INTRODUCTION 

The in te res t  i n  convective heat t ransfer  with large variations 

i n  f l u i d  properties has been stimulated by the  importance of nuclear 

reactors as a source of power fo r  space vehicles. Here the  r a t i o  

of f u e l  element-to-working f l u i d  temperature, and hence the  varia- 

t i o n  of f l u i d  properties, can be quite large near the i n l e t  of a 

nuclear reactor if  the f l u i d  enters at near cryogenic temperature. 

Experimental data showing the  e f fec t  of the  var ia t ion of 

surface-to-fluid bulk temperature r a t i o  on the heat t ransfer  coeffi-  

c ient  f o r  gases contained i n  reference 1. Average heat t ransfer  

coefficients were correlated using the  Dittus-Boelter equation and 

evaluating the f l u i d  properties, including the density term i n  the 

r 
Reynolds number, a t  the f i lm temperature. 

the arithmetic average of the  bulk and surface temperature. 

The f i lm temperature i s  
The 

range of conditions covered i n  the investigation (ref .  1) were as 

follows: Ts/Tb up t o  3.5, L/D of 30 t o  120, average surface tem- 

perature up t o  3050' R. These conditions were extended ( re f .  2)  t o  
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T,/% of 3.9 f o r  a L/D of 60 t o  91. Some loca l  values of heat 

t ransfer  coefficient have been measured ( re f .  3) f o r  

U.09 and f o r  L/D of 20.9 t o  42.6. 

Ts/% up t o  

The equation used fo r  correlation of heat t ransfer  coefficients 

i n  reference 1 predicts a minimum value i n  the wall temperature pro- 

f i l e  f o r  large 

diameter r a t io ,  L/D. 

obtained f o r  constant heat flux and large Ts/'Pb $& f o r  tubes of 

short 

Ts/Q, constant heat f lux  and a large length-to- 

Since i n  the previous investigations the data 
&-+ 

L/D, an investigation was conducted at NASA Lewis Research 

Center fo r  the following conditions: Length-to-diameter r a t i o  of 

250, surface-to-gas bulk temperature t i o  up t o  4 and Reynolds 

number from 30,000 upward. 

helium gas flowing through a smooth tube with constant heat flux. 

ExpERlMEmTAL APPARATUS 

/ 
Data & obtained f o r  both hydrogen and 

Apparatus 

A schematic diagram of  t h e  piping and associated equipment is  

shown i n  f igure 1. Ei ther  hydrogen or  helium gas was used as the 

heat t ransfer  f luid.  The supply gas pressure i s  first reduced t o  

1500 ps i  by a pressure reducing valve. The gas pressure desired 

for t he  tes t  is then set with a remotely operated pressure regulat- 

ing valve. The gas flow is  metered with a sharp edge o r i f i ce  lo- 

cated downstream of the pressure regulating valve. From the  or i -  

f i c e  the  gas passes through a co i l  placed i n  a thermally insulated 
I 

tank. 

temperatures a re  desired. After the co i l s  the gas f lows through 

"his tank i s  f i l l e d  with l iquid nitrogen when l o w  i n l e t  gas 



- 3 -  

the  i n l e t  mixing tank, the  t e s t  section and the out le t  mixing tank. 

The gas is  then cooled i n  a water-to-gas heat exchanger before it 

passes through a flow control valve and is exhausted t o  the atmos- 

phere. 

The test  section and mixing tanks were enclosed i n  a pressure 

vessel  f i l l e d  with helium gas at a pressure s l i gh t ly  greater than 

at the i n l e t  t o  the t e s t  section. This was done t o  avoid excessive 

s t resses  on the t e s t  section a t  high temperatures. The system used 

f o r  pressurizing the vessel i s  independent of the flow system. 

T e s t  Section and Mixing Tanks 

A drawing of the  t e s t  section and mixing tanks i s  shown i n  

f igure 2. The test section was fabricated from commercial inconel 

tubing having a 0.1). of 0.250 inch, a wall thiCkness of 0.031inch, 

a heated lengbh of' 48 inches and a length-to-diameter r a t i o  of 255. 

The unheated s t ra ight  tube approach t o  the t e s t  section had a length- 

to-diameter r a t i o  of 10.6. 

The t e s t  section w&8 thermally insulated by one of t w o  methods. 

The f irst  method consisted of radiation shields surrounding the t e s t  

section and zirconia bubbles packed between the shields and the w a l l  

of the  pressure vessel. 

of thermocouple breakage a second method of insulating was used so 

that the length of unsupported thermocouple lead wire could be re -  

duced. 

surrounding the  t e s t  section. The cylinder was packed with magnesia 

Since there was an abnormally large amount 

This method employed a 4-inch diameter aluminum cylinder 
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and pyrex wool. 

normal thermocouple breakage occurred. 

This proved to be satisfactory and no more than 

Helium data was obtained using the first method of insulating 

the test section and hydrogen data was obtained using the second 

met hod. 

Instrumentat ion 

The outside wall temperatures of the test section were meas- 

ured with copper-constantan and Chmmel-Alumel thermocouples. The 

Warnel-Alumel thermocouples were spot welded to the test section. 

Except for short sections near the inlet and outlet of the test 

section, the thermocouples were evenly spaced at 2 or 4 inch inter- 

v a l s  along the test section depending on the number of lead wires 

available. 

inlet and outlet of the test section, the thermocouples were spaced 

closer together in these regions t o  obtain reliable w a l l  tempera- 

ture profiles. 

Since the wall temperature changes rapidly near the 

Three copper-constantan thermocouples were brazed to the test 

1 section at approximately 1/4, 3/4, and lF inches from the inlet. 

These were used to measure the w a l l  temperatures that were well 

below ambient as was the case for some tests when the gas was 

precooled. 

A copper-constantan thermocouple was used to measure the gas 

temperature at the inlet to the test section and a Chromel-Alumel 

thermocouple was used to measure the outlet gas temperature. 

thermocouples were located downstream of the screens in the mixing 

These 
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tanks. S t a t i c  pressure taps were located at the i n l e t  and out le t  

of the t e s t  section as shown i n  figure 2. 

A shasp edge or i f ice  calibrated fo r  use with helium or hydro- 

gen was used t o  m e a s u r e  the  gas flow. 

or i f i ce  was measured with a high pressure glass manometer using 

mercury as the f luid.  

METHOD O F  C-TIONS 

Gas Properties 

The pressure drop across the 

The physical properties of helium used i n  calculating the 

Nusselt and Reynolds numbers were obtained from references 2 and 4, 

and are  shown i n  figure 3 as a function of temperature. The spe- 

c i f i c  heat i s  1.24 Btu/(lb)(OR) and is  constant. 

The physical properties of  hydrogen a t  pressures of 1 and 100 

atmospheres are shown i n  figure 4(a), (b ) ,  and ( c )  as a function 

of temperature. Values of thermal conductivity and viscosi ty  were 

obtained from references 5 and 6 .  The specific heat was obtained 

from references 5 and 7. 

Heat Transfer Coefficients 

Heat t ransfer  coefficients were calculated f o r  small incre- 

ments of the t e s t  section. Although these heat transfer coeffi- 

c ients  represented average values, by choosing small increments 

the variation i n  heat f lux over an increment was negligible and 

the  temperature r i s e  of the gas and tube w a l l  was small s o  that 

the calculated values very nearly represented the  loca l  heat trans- 

f e r  coefficients at the midpoint of the  increment. The incremental 
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method of calculation was used since a heat balance can readi ly  be 

determined f o r  each increment along the  tube and the bulk tempera- 

ture of the gas can then be calculated from the resul t ing tempera- 

t u re  rise of the gas fo r  each increment. 

Ident i f icat ion of some of the  symbols, at t h i s  time, w i l l  be 

of value i n  following the  calculation procedure. The i n l e t  of the  

increment i s  ident i f ied by the superscript ( ' )  and the out le t  by 

("). The subscript (n) r e fe r s  t o  the nth increment. The heat 

t ransfer  coefficient was calculated from the  equation: 

The heat transferred t o  the Q i s  expressed by the  heat bal- 

ance equation 

Q = Q g + Q , - Q L  

Here i s  the heat generated i n  an increment corrected t o  give 

a heat balance of 100 percent by the equation: 

This correction w m  generally only  a few percent. 

% i n  equation (2 )  is  the  net heat conducted ax ia l ly  in to  the 

increment and QL is the heat lost  t o  the surroundings. The heat 

l o s t  t o  the surroundings was measured at various temperatures and 

pressures by applying power t o  the t e s t  section with no gas flow 

and allowing the  equipnent t o  reach thermal equilibrium. The heat 
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being generated was then considered t o  be equal t o  the heat loss 

t o  the  surroundings at t h a t  pa;rticuQr pressure and average outside 

w a l l  temperature. 

The gas temperature Tb,n i s  the  asithmetic average gas t em-  

perature betw&!n the in l e t  and outlet  of the increment. 

The inside w a l l  temperature T was taken as the average . s,n 

outside w a l l  temperature inte-grated along the lenth of the incre- 

ment Tw, minus the  temperature drop through the  wall and was 

calculated from the following equation derived i n  reference 8 and 

modified t o  include the  heat loss t o  the surroundings 

L 

The equation assume6 the heat is produced 

across the  tube wall thickness. 

The average bulk gas temperature %), 

equation: 

where 

n Q 
Tn = = TA + - 

wcP 

i n  the tube uniformly 

is calculated from the 

Since TA m u s t  be known t o  solve the equations (5) and ( 6 ) ,  the  
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calculations were s ta r ted  wi th  the first increment where Ti is  

equal t o  the  measured temperature Tin and calculation must pro- 

ceed i n  order toward the  exit .  

RESULTS AM) DISCUSSION 

Axial Wall Temperature Distribution 

The axial wall temperature distribution i s  a straight l i n e  

var ia t ion if  the heat transfer coefficient and heat f lux  a re  con- 

s t an t  with X/D. The heat t ransfer  coefficient is constant with 

X/D f o r  m y  developed flow and constant f l u i d  properties. HOW- 

ever, with m i a b l e  f l u i d  properties the  heat t ransfer  coefficient 

i s  no longer constant with X/D 

t h i s  variation of the  heat transfer coefficient is  ref lected i n  the 

axial wall temperature distribution. 

where the measured outside w a l l  temperature is plotted as a function 

of X/D f o r  various average heat fluxes f o r  t he  test section. The 

maxhm variation of heat f lux  over the  en t i re  length of the t e s t  

section w&6 4 percent. R u n s  number 108 and 107 show the effect  of 

a large a x i d  variation of f l u i d  properties ( large axid variat ion 

of Ts/%) on the wall temperature distribution. A t  high Ts/Tb 

M u e s  and large enough X/D where the  w a l l  temperature was not 

influenced by end effects ,  the  wall temperature actual ly  decreased 

with increasing X/D. 

dicted by the Dittus-Boelter equation when the properties, including 

the  density t e r n  i n  the Reynolds number, a r e  evaluated at the  same 

and then f o r  constant heat flux 

This can be seen i n  figure 5 

A curve of the same general shape is pre- 

a -  temperature. Included f o r  comparison a re  runs 85 and 72. Here the 
* :  
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a x i a l  var ia t ion of f lu id  properties i s  re la t ive ly  s m a l l  (small 

a x i a l  var ia t ion of TS/&). 

variat ion of the axial wall temperature distribution. 

These runs show a nearly s t ra ight  l i n e  

G a s  flow, i n l e t  and out le t  gas temperature, heat flux and 

Ts/Tb a t  various X/D are tabulated on the figure.  These data 

are for  hydrogen gas, however, similar ax ia l  w a l l  temperature dis- 

t r ibu t ions  were obtained f o r  helium gas. 

Correlation of Local Heat Transfer Coefficient 

The r e su l t s  presented i n  reference 1 fo r  turbulent flow i n  

tubes indicates that the average Nusselt number decreases progres- 

s ively as the r a t i o  of surface-to-bulk temperature increases. A 

correlation was obtained by evaluating the f l u i d  properties, in- 

cluding the density term i n  the  Reynolds number at e i ther  the sur- 

face or f i l m  temperature. 

This method of correlating the average heat t ransfer  coeffi-  

c ients  was applied t o  the loca l  heat t ransfer  coefficients obtained 

i n  t h i s  investigation and i s  shown i n  f igures  6(a) and (b)  f o r  hy- 

drogen gas and figures 6(c) and (a) f o r  helium gas. 

number is  plotted as a function of the Reynolds number a t  

values of 72, 130, and 226. Included f o r  comparison i s  the  l i n e  

represented by the  equation: 

The Nusselt 

X/D 

0.8 cr 0.4 K, hD = 0.021 (r) paVbD (+) 
a 

( 7 )  

where the subscript, a, re fe rs  t o  the reference temperature a t  

which the properties a re  evaluated. The data using e i ther  surface 
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o r  f i l m  correlation are i n  fair agreement with the predicted 

l ine .  

Inasmuch as equation ( 7 )  includes the effect  of variable pro- 

pe r t i e s  (Ts/Tb) one would expect that fo r  f u l l y  developed tempera- 

t u re  and velocity prof i les  (X/D > 15) the re la t ion  between Nusselt, 

Reynolds, and Prandtl numbers is  fixed and independent of X/D. 

Figures 7(a) and (b)  show the variation of the re la t ion  be- 

tween Nusselt, Reynolds, and Prandtl numbers with X/D fo r  both 

small ax ia l  variations of T,/% (run 85) and large ax ia l  varia- 

t ions  i n  T,/% (run 108). The axial w a l l  temperature distribu- 

t ions  f o r  these data is shown i n  figure 5. 

(run 108) were obtained by cooling the gas with l iqu id  nitrogen 

before it entered the t e s t  section. These two runs are represent- 

a t ive  of the data f o r  helium and hydrogen gas inasmuch as they 

show the general trend of the data. 

Large values of Ts/Tt, 

Examination of the two figures indicate tha t  fo r  the case of 

small axial variations of f l u i d  properties the Nusselt-Reynolds 

r e l a t ion  i s  nearly independent of X/D, a f t e r  a small 

the  f l u i d  properties are  evaluated at  the  f i l m  temperature. 

ever, f o r  large axial variation i n  f l u i d  properties the  Nusselt- 

Reynolds number re la t ion  varies with X/D when the  f l u i d  proper- 

t i e s  are  evaluated at e i ther  the film or surface temperature. 

X/D, when 

How- 

The f a c t  that  the re la t ion  between the  Nusselt, Reynolds, and 

Prandtl is  not independent of X/D leads t o  the conclusion tha t  

the  temperature prof i le  is  not fu l ly  developed. This conclusion 
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seems reasonable i n  that with variable properties the temperature 

prof i le  i s  continually changing. 

A correlation of the data was not undertaken at  t h i s  t h e  as 

T,/q it was f e l t  more data must be obtained t o  investigake high 

with s m a l l  axial v u i a t i o n s  and data similar t o  that obtained i n  

t h i s  investigation but at higher surface-to-bulk temperature ra t ios .  
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SYMBOLS 

P C 

D 

h 

K 

k 

L 

Q 

Qc 

Qe 

93 
% 
ri 

rO 

S 

T 

Tb 

Tex 

Tf 

Tin 

TS 

Tw 

v 
W 

specif ic  heat of gas at  constant pressure, Btu/( lb) (%) 

inside diameter of test section, f t  

heat t ransfer  coefficient,  Btu/( sec) ( sq  f t  ) (%) 

thermal conductivity of gas, R u / (  sec) (sq f%) (%/ft) 

thennal conductivity of test section material, 

Btu/(sec)(sq f t ) (%/f t )  

length of t e s t  section (heated section), f t  

heat transferred t o  the  gas per increment, Btu/sec 

net heat transferred axial ly i n to  increment, Btu/sec 

heat generated e lec t r ica l ly  i n  an increment, Btu/sec 

corrected heat generated per increment, Btu/sec 

heat loss rad ia l ly  t o  surroundings per increment, Btu/sec 

inside radius of test section, f t  

outside radius of t e s t  section, f t  

inside surface area of increment, s q  f t  

bulk temperature of gas, 9 

average bulk gas temperature of increment, OR 

measured gas temperature at ex i t  of t e s t  Section, OR 

f i l m  temperature of gas, T, + Tb/2, % 

measured gas temperature at i n l e t  of test  section, OR 

average inside wall temperature of increment, OR 

average outside -1 temperature of increment, OR 

velocity, f t /sec 

gas flow, lb/sec 
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X 

AX length of increment, ft 

p 

p 

Subscripts 

b bulk (when applied to properties, indicates evaluation at 

distance fran inlet of test section (heated section), ft 

absolute viscosity of gas, lb/sec-ft 

density of gas, lb/(cu ft) 

bulk temperature, q) 
f film (when applied to properties, indicates evaluation at 

film temperature, Tf) 

n any segment 

s surface (when applied to properties, indicates evaluation at 

surface tenperatwe, Ts) 

Superscripts 

inlet of increment 

outlet of increment 11 
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FIGURE LEGENDS 

Fig. 1. - Schematic of piping and associated equipment. 
~- - -  -~ 

Fig. 2. - Test section and mixing tank assembly. 

Fig. 3. - Variation of thermal conductivity and viscosity of 
helium with temperature. 

(a) Variation of thermal conductivity with temperature. 

(b) Variation of viscosity with temperature. 

(c) Variation of specific heat with temperature. 

Fig. 4. - Physical properties of hydrogen at 1 and 100 atmospheres. 

Fig. 5. - Representative w a l l  temperature distribution, 

(a) Fluid properties evaluated at film temperature, hydrogen gas. 

(b) Fluid properties evaluated at surface temperature, hydrogen gas. 

(c) Fluid properties evaluated at film temperature, helium gas. 

(a) Fluid properties evaluated at surface temperature, helium gas. 
Fig. 6. - Correlation of l o c d  heat transfer coefficient. 

(a) Fluid properties evaluated at film temperature. 

(b) Fluid properties evaluated at surface temperature. 

Fig. 7. - Variation of Nusselt-Reynolds number relation with dis- 
tance from inlet for hydrogen gas. 
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Fig. 6 c .  - Correlation of local heat t ransfer  coefficient,  f l u i d  properties evaluated a t  
f i lm temperature, helium gas. 



Fig. 6d. - Concluded. Correlation of local heat transfer coefficients, fluid properties 
evaluated at surface temperature, helium gas. 
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