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ABSTRACT 

At slightly supercritical pressure and in the neighborhood of 

the pseudo-critical temperature (defined as the temperature corres

ponding to the peak in specific heat at the operating pressure), the 

heat transfer coefficient between fluid and tube wall is strongly 

dependent on the heat flux. For large heat fluxes, a marked deteriora

tion takes place in the heat transfer coefficient in the region where 

the bulk fluid temperature is below and the wall temperature above 

the pseudo-critical temperature. An analysis has been developed, 

based on the integration of the transport equations, to predict the 

deterioration in heat transfer at high heat fluxes, and the results 

have been compared with the previously available experimental results 

for steam. Experiments have been performed with carbon dioxide for 

additional comparison. 

Limits of safe operation in terms of the allowable heat flux for 

a particular flow rate have been determined both theoretically and 

experimentally. Experiments with twisted tape inserted in the test 

section to generate swirl have shô im that the heat transfer rates can 

be improved by this method. Qualitative visual observations have been 

made of the flow under varying conditions of heat flux and flow rate. 
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NOMENCLATURE 

Cp local specific heat at constant pressure, (BTU/lb F) 

Cp reference value of specific heat, (BTU/lb F) 

D diameter of tube, (ft.) 

2 
g acceleration due to gravity, (ft/hr. ) 

G mass flow rate, (lbs/ft -hr.) 

2 e 
Gr Grashof Number = (p, - p )/p x(p /y ) R 

b ^o "̂o o- o 

h' heat transfer coefficient, (BTU/ft -°F-hr) 

h local enthalpy, (BTU/lbs.) 

H bulk mean enthalpy at a cross section (BTU/lb) 

k local conductivity, (BTU/ft-hr-°F) 

k reference value of thermal conductivity, (BTU/ft-hr-

K constant = 0.36 

L length along tube, (ft.) 

n constant «= 0.124 

Nu Nusselt Number = h'o/k 

MacAdams' Nusselt Number = 0.023(Re, ) * (Pn) ' Nu 
mac 

2 

p pressure, (lbs/ft. ) 

Pr Prandtl Number = Cpp/k 

P Cp yo/k 

ro o o 
q local heat flux, (BTU/ft^-hr) 

Q /A(also wall heat flux (BTU/ft'̂ -hr) 

%> 
r local radius (ft) 

R radius of tube, (ft) 
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NOMENCLATURE 
(Continued) 

Re Reynolds Number = GD/y 

T temperature ( F) 

U local velocity, axial, (ft/hr) 

u-̂  

o 

"//V^w 
U"̂  "/ AMiJTh 

o '' ° 

U* ^ 

V local radial velocity, (ft/hr) 

y distance from wall, (ft) 

Y nondlmenslonallzed distance = y/R 

y"" /V^y^w/Pw 
y"*̂  ^//T/p/y/p dy 

o 
Z axial coordinate, (ft) 

2 
e eddy diffuslvlty of heat, (ft /hr) 

2 
e eddy diffuslvlty of momentum, (ft /hr) 
m 

y local viscosity, (Ibs/ft-hr) 

y reference value of viscosity, (Ibs/ft-hr) 

3 
p density, (lbs/ft ) 

3 
p reference value of density, (lbs/ft ) 

2 
T wall shear stress (Ibs/ft-hr ) 

2 
local shear stress (Ibs/ft-hr ) 

Superscripts and Subscripts Used 

b refers to bulk mean quantity 

w refers to quantity at wall or wall temperature 
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NOMENCLATURE 
(Continued) 

o refers to a reference value of quantity 

+ nondlmenslonallzed quantity 
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1. INTRODUCTION 

1.1 The Problem 

In recent years several high pressure steam generators have 

been designed to operate at supercritical pressure. This results 

in higher overall thermodynamic efficiency as for the same tem

perature limits, the working area on the T-S diagram is larger. 

A number of conventional ste£uii power plants already operate \mder 

conditions of supercritical pressure, and the use of supercriti

cal pressure water in water cooled reactors has been under considera

tion. A number of applications have also arisen for supercritical 

cryogens, particularly hydrogen in liquid fuel rockets, etc. These 

considerations have led to considerable Interest In the problem of 

heat transfer to supercritical pressure fluids, and a number of 

investigations have been performed in the past decade to this end. 

The main feature of heat transfer to fluids at supercritical 

pressure is the rapid variation of properties with both temperature 

and pressure in the critical region. Because of this, conventional 

heat transfer correlations are not applicable, and the correlations 

especially derived for heat transfer in the critical region are 

usually restricted to a small region of operating conditions. At 

slightly supercritical pressures and in the vicinity of the critical 

temperature, the heat transfer coefficient is known to Increase due 

to a favorable Increase in the specific heat of the fluid. However, 

the enhancement of heat transfer to supercritical fluids has been 

found to be limited to conditions of small heat fluxes. As the heat 

file:///mder
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flux is increased, unfavorable heat transfer characteristics are 

encountered. The problems of designing a supercritical pressure 

boiler are thus extended to determining the behaviour of the heat 

transfer coefficient when the heat flux is varied, so that adequate 

safety factors can be prescribed to avoid burnout at high heat 

fluxes. 

Several supercritical steam generators in the recent past 

have shown evidence of tube overheat in the lower furnace at the 

point where the water bulk temperature is about 670 F. The evidence 

is of two kinds. First, thermal fatigue has occurred and caused 

tube failures long before a failure of any kind was to be expected. 

Second, pairs of cordal thermocouples have shown very high wall tem

peratures and, extrapolating back to the Inside of the tube, evi

dence reduced Inside heat transfer coefficients. It was suspected 

that a possible cause of the high tube temperature was a supercriti

cal "burnout." |The primary purpose of this investigation is to 

determine the cause and conditions leading to a supercritical "burn

out" such as might occur in a supercritical steam generator. | 

Before focusing on this aspect of the problem, it Is worthwhile 

to mention several other possible causes for the high tube wall tem

peratures i^lch have been observed. In this context high means higher 

than the design temperature. Let us just list these possibilities. 

1. Scale inside the boiler tubes. 

2. Hot spot factors in the design procedure which are too low. 

3. Higher heat transfer from the combustion gases than expected. 
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Better design procedures or better control of the water purity 

might be sufficient to cause the problem of supercritical turnout 

to disappear without changing the water flow conditions inside the 

tube. 

Because the three factors listed above are rather vague, the 

most promising approach to eliminate the excessive temperatures 

inside the tube at supercritical pressure Is to eliminate the "bum-

out"; therefore, only the burnout aspect of the problem has been 

studied here. 

A part of the difficulty in the design of boilers for high 

heat fluxes in the past has been the lack of adequate data under 

these conditions. Most investigations of heat transfer to super

critical pressure fluids In the past were at low heat fluxes, to 

explore the Improved heat transfer region. Lately, however, there 

has appeared increasing evidence in the literature that a deteriora

tion In heat transfer does take place as the heat flux Is increased. 

* 
The work of Styrlkovlch et al (1) graphically shows the variation 

of the heat transfer coefficient to supercritical steam. Figure 1 

is taken from this reference. The different curves show the varia

tion of the heat transfer coefficient with increasing enthalpy of 

the fluid. The abclssa can be Interpreted as length along a tube 

with uniform heat input. The mass velocity is held constant at 

550,000 lbs/ft hr, and the heat flux is varied from 120,000 - 300,000 

2 
BTU/ft -hr. At the lowest heat flux, the heat transfer coefficient 

has a maximum in the critical region. As the heat flux is Increased, 

Numbers In parentheses refer to the References on page 
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there is a progressive decrease in the heat transfer coefficient 

2 
until it shows a distinct minimum at 300,000 BTU/ft -hr. This 

corresponds to a drop in the heat transfer coefficient by a factor 

of four as compared to that for the smaller heat fluxes, and the 

heat transfer is lower than would be predicted by the usual correla

tions. This region, referred to as the deteriorated heat transfer 

region in this report, is the object of the present Investigation. 

The aims of this work are to predict when and by what amount this 

deterioration takes place. 

1.2 Scope and. Objectives 

A theoretical and experimental investigation of the problem 

was made at the Heat Transfer Laboratory, with the objectives of 

determining the heat transfer characteristics to supercritical 

fluids at high heat fluxes and mapping out safe regions of operation 

for supercritical pressure boilers in terms of the relevant parameters 

In general, the methods available for analysis of turbulent 

flows are either based on the integration of the transport equations 

with engineering assumptions for the eddy diffusivities of momentum 

and heat or on integral methods. Often, a Reynolds analogy is use

ful for correlating the friction factor to the Stanton number. 

Another method, frequently used, is to attempt to modify the 

normal correlations for constant properties by evaluating the dlmen-

slonless groups at some reference temperature usually somewhere 

between the wall and bulk temperatures. In the present Instance, 

it Is doubtful whether a reference temperature taken as a fixed 

linear combination of the wall temperature and bulk temperature 



-17-

wlll prove useful, because of the strong variation of the heat 

transfer coefficient with heat flux. 

The method most extensively used in this report Is based on 

the Integration of the radial transport differential equations. 

The experimental part of the program was carried out with 

carbon dioxide as the working fluid because of its convenient 

critical range. The experiments were performed with relatively 

high mass velocities so that free convection was not a governing 

parameter. The limits of safe operation in terms of the allowa

ble heat flux for a particular flow rate were mapped for super

critical carbon dioxide with pressure, diameter of the test sec

tion and the orientation of the flow as the main variables. A 

test section with artificially generated swirl was also studied 

as a possible means of reducing or eliminating the deterioration 

in heat transfer. A visual test section was also studied, but 

did not prove very useful in terms of additional Information. 
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2. WORK OF PREVIOUS INVESTIGATORS 

A number of investigators have examined the heat transfer to 

fluids at supercritical pressure. A large number of these have 

been concerned with the improvement in heat transfer at low heat 

fluxes or large mass velocities and in free convection, e.g., the 

work of Dickinson and Welch (2), Dubrovlna and Skripov (3), Knapp 

and Sabersky (4), Larson and Schoenhals (5), Petukov et al. (6), 

etc. Some investigators have been concerned with the existence 

of instabilities in the critical region. (7,8) 

The phenomenon of deteriorated heat transfer at high heat 

fluxes when transferring heat to a fluid at supercritical pressure 

has also been observed with several fluids by various investiga

tors. The most detailed work is probably that of Shltsman (9) for 

water. Deterioration has also been reported by Styrlkovlch et al. (1), 

Schmidt (10), Plcus, Mlropolskiy and Shltsman (11), and Vlkrev and 

Lokshln (12) in water under various conditions. Swenson et al. (13) 

observed a decrease in the heat transfer coefficient to water at 

high heat fluxes, while sharp deterioration has been observed by 

Powell (14) in oxygen, Szetela (15) and Hendricks et al. (16) for 

hydrogen,and McCarthy (17) in nitrogen tetroxlde. 

The conditions under which the deterioration has been observed 

to occur are: 

1. The wall temperature must be above and the bulk temperature 

below the pseudocritical temperature. (The pseudocrltical 

temperature is the temperature corresponding to the peak in the 

specific heat at the operating pressure.) 
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2. The heat flux must be above a certain value, dependent on the 

flow rate and the pressure. 

The experiments of these investigators encompass a wide range 

of flow rates, heat fluxes, test section sizes and pressure, and 

the deterioration In heat transfer varies in magnitude and sharp

ness. A comparison of the operating conditions for different 

Investigators and the nature of the deterioration obtained are 

shown in Table 1. 

Shltsman (9) made a detailed study of the deteriorated region 

for water. He used a tube 0.4 inch in diameter and 60 Inches in 

length, which was heated electrically. Figure 2 shows a typically 

deteriorated region from his data. It is seen that a sharp deteriora

tion takes place in the heat transfer coefficient, corresponding to 

the peak in the wall temperature, when the heat flux is Increased from 

2 
80,000 to 100,000 BTU/ft -hr. The dotted line shows the wall tempera-

2 
ture profile for a heat flux of 135,000 BTU/ft -hr. as predicted using 

4 8 
the MacAdams correlation (Nu » .023 x Pr* x Re* ) in which the bulk 

temperature Is used to evaluate the properties. This serves as a 

reference to indicate the amount of deterioration. The minimum in 

the MacAdams wall temperature profile is due to the Increase in the 

Prandtl number at the cross-section where the bulk enthalpy Is equal 

to the critical enthalpy, which leads to a corresponding Increase in 

the Nusselt number predicted by the equation. 

Shltsman's results show that the deteriorated region is con-

2 
fined to a rather small range of enthalpies, between 750 - 780 BTU/ft -hr., 

depending on the ratio of heat flux to the mass flow rate. As the 



TABLE 1 

Comparison of Previous Experimental Evidence 

Source 

Styrlkovlch 
et al 

Shltsman 

Schmidt 

Mlropolsky 
et al 

Vlkrev 
et al 

Swenson 
et al 

Powell 

Szetela 

Hendricks 
et al 

Reference Fluid 

1 Steam 

9 

10 

Steam 

Steam 

11 Steam 

Pressure 
psi 

3500 

3300 -
3650 

3250 

3550 

P/P^ 

1.09 

1.03 to 
1.14 

1.01 

1.11 

Tube Dla. 
Inches 

0.87 

0.4 

025, 0.32 

0.63 

^ 2 
lb/ft -hr 

4 X 10^ 
-2.4 X 10 

3.4 X 10^ 
-7 X 10^ 

Q/A 2 
BTU/ft-hr 

80 X 10^ -
-400 X 10 

100 X 10^ -
300 X lO-* 

5.5 X 10^ 160 X 10^ -
- 13.4 X 105 320 X 10^ 

4.5 X 10^ 165 X 10^ 

Orientation 

Vertical 

Vertical 

Vertical 
Horizontal 

Vertical 

Temp. Perc. 

Broad 

Sharp 

Broad 

Very Sharp 

12 

13 

14 

15 

16 

Steam 

Steam 

Oxygen 

Hydrogen 

Hydrogen 

3300 -
4400 

3300 
6000 

780 -
1100 

9 

80 - 800 

1.03 -
1.37 

1.03 -
1.88 

1.07 -
1.51 

? 

0.43 -
4.3 

0.4 

0.37 

0.194 

0.259 
0.448 

0.188 
0.507 

3.4 X 10^ e 120 X 10^ -
- 8.5 X 10^ - 250 X 10^ 

4 X 10^ - 65 X 10^ „ 
16 X 10 - 580 X 10 

15 X 10^.- 465 X 10"̂  , 
100 X 10 - 1.4 X 10 

3.6 X 10^ - 10^ 
36 X 10 

Horizontal Broad 

? Broad 
Small 

? Sharp 

? Sharp 

Vertical Sharp 

o 
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FIG. 2 : DETERIORATED HEAT TRANSFER REGION (SHITSMAN) 
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ratio is increased, the temperature peak becomes higher and occurs 

sooner. He found that inlet effects can be Important. The inlet 

enthalpy was also found to have an effect on the temperature peak. 

For inlet enthalpies larger than 845 BTU/lb, no peaks were observed. 

If the peak occurred either in the entrance or exit regions, it was 

suppressed to some extent. As the pressure was Increased, the tem

perature peak became broader and was not as large. No impairment of 

the wall temperature was observed with high mass velocities, proba

bly because of the lack of sufficiently high heat fluxes. 

The Importance of inlet effects is also evident in the results 

of Hsu and Zoschak (18) , who worked with a very short test section. 

They report deterioration in heat transfer to some extent, but not 

as sharp as that observed by Shltsman. They also experienced diffi

culty in getting reproducible results, and the wall temperature was 

found to vary with time. 

Vlkrev and Lokshln (12) used a horizontal section of 0.4 inch 

and 300 ft long arranged in horizontal turns. They have shown that 

deterioration in heat transfer can take place in a horizontal section. 

The orientation of the test section does, however, have an effect on 

the results. The results of Vlkrev and Lokshln show that the 

deterioration in horizontal tubes is less than and not as sharp as 

that occurring in vertical tubes for a comparable heat flux and flow 

rate. They present an empirical formula for the minimum coefficient 

of heat transfer in the critical region 

^min " •̂•'̂  " '^^ ^ ^^'^ ^ Q)xG''"*'' (1 + 0.6[p - 9^^^^]/v j.̂ )̂ Watts/m^-degree C 
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2 
where Q » heat flux in watts/m 

2 
G "• mass flow rate in kg/m -sec. 

The effects of natural convection have been Illustrated by 

Shltsman (19) for 16 mm. (0.63") tubes, who showed that significant 

temperature differences can exist between the top and bottom sur

faces of a horizontal tube. Hall (20) , working at low mass veloci

ties and a large diameter tube, has observed significant differ

ences in the heat transfer characteristics between upflow and down-

flow. There is also evidence to suggest that there is larger deteriora

tion in larger diameter tubes (21). However, no quantitative results 

are available at present to Indicate the relative Importance of 

natural convection on the forced convection in terms of the usual 

parameters of Grashof or Graetz numbers. Some free convection data (3,4,5) 

is available at supercritical pressure and low heat fluxes, but this 

is of little use in determining the effects of natural convection when 

superposed on the main flow and at high heat fluxes. 

Styrlkovlch et al. (1) have explored a wide range of conditions 

under which deterioration takes place in the heat transfer to super

critical steam. Based on their experiments, they present a plot of 

allowable heat fluxes for 0.87-lnch tubes In terms of the mass flow 

rates. The heat flux is deemed "allowable" if the outside tube wall 

temperature does not exceed 1080 F. In their experiments at 3500 psl., 

they found that an approximate condition for the allowable heat flux 

was given by 

G/(Q/A) - 4 Ibs/BTU. 
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Recirculatlon of the working fluid as a means of Increasing the 

mass velocity and improving the allowable heat flux is suggested 

for supercritical pressure boilers by the authors. 

Schmidt (10) conducted a large number of experiments at high 

subcrltlcal and supercritical pressures with both vertical and hori

zontal test sections. The mass velocities used in his experiments 

were generally higher than used by Shltsman (9) and Vlkrev and 

Lokshln. Deterioration In heat transfer was observed in both the 

vertical and horizontal test sections, though the temperature peaks 

were broader than in the Russian work and also occur at a larger 

value of the bulk enthalpy (810 - 830 BTU/lb). 

Mlropolskiy et al. (11) have observed similar deterioration 

patterns in curved tubes at supercritical pressure. The high tem

peratures were foimd along the inner wall in the curved sections. 

Deterioration in heat transfer has been observed by Powell (14) 

in supercritical oxygen. The temperature rise for cryogens has 

been observed to be of even larger magnitude than in water. The 

ratio of the absolute wall to bulk temperatures has been found to 

be as high as eight. This corresponds to a drop in the heat trans

fer coefficient by a factor of more than ten. 

Similar temperature peaks have been observed In the wall tem

perature when heating supercritical pressure hydrogen by Szetelz (15) 

and Hendricks et al. (17). For hydrogen also, the ratio of the wall 

to bulk temperature at the peaks has been found to be as high as eight 

Though several Investigators have used carbon dioxide as the 

working fluid, deterioration has not been observed with carbon 
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dloxlde. The investigations Include those of Bringer and Smith (22), 

Wood and Smith (23), Tanaka et al. (24), Hall, Jackson, and Khan (25), 

Sabersky and Hauptmann (26), Koppel and Smith (27), etc. However, 

most of these investigations were at relatively small heat fluxes and 

without sufficient subcooling necessary to observe the deterioration. 

Only Koppel and Smith use large heat fluxes, which are necessary for 

the deterioration to occur. In some recent experiments by Hall C20) 

at low mass velocities, sharp peaks in wall temperature were observed 

in upflow but not in downflow. It is suspected that this phenomenon 

is somewhat different from the deterioration observed by other investiga

tors in other fluids because of the different operating conditions in 

Hall's experiments. This is discussed in greater detail in a later 

section, and the results of the various investigators are compared 

with the results obtained in the present work. 

Several explanations have been advanced by various researchers 

for the mechanism of the deterioration phenomenon. An analogy has 

been made with film boiling in two phase flow. Another theory pro

poses that a "relaminarizatlon" of the flow takes place due to the 

thickening of the fluid layer near the wall. Hall hfis emphasized 

the Importance of natural convection effects in the mechanism of deteriora

tion. 

A number of correlations have been proposed for supercritical 

pressure heat transfer. Most of these are applicable only at low 

heat fluxes or for bulk temperatures above the critical temperature. 

Among these are the correlations due to Shltsman (29), Humble and 
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Lowdermllk (14), etc., which use the conventional type of correlation 

for the Nusselt number in terms of the Reynolds and Prandtl numbers, 

with different exponents and with the properties evaluated at vari

ous reference temperatures. 

Delssler (28) has proposed a more general relation between the 

Nusselt number and the Reynolds number for various combinations of 

the bulk and wall temperatures, on an analytical basis. The Nusselt 

and Reynolds numbers are based on a reference temperature t given 

by the relation 

t » x(t - t, ) + t, . 
X w b b 

The values of x are plotted graphically as a function of t /t, , the 

ratio of the wall temperature to the bulk temperature, and t the 

wall temperature. The analytical method used by Delssler is dis

cussed in a later section. Szetela (15) has compared his data for 

hydrogen with Delssler's predictions and found discrepancies of up 

to 50 percent, with the greatest differences at high heat fluxes. 

Hess and Kunz (30) have suggested a correlation based on analytl 

cal considerations. In order to obtain agreement between their 

calculations and data, they postulated that the viscous damping 

parameter A was a function of the kinematic viscosity ratio at the 

wall and bulk temperatures. They suggested an empirical relation 

for heat transfer to hydrogen 

p,U D 0.8 _ , 
Nu, - 0.0208 i ^ ) Pr. • (1 + .01457 v /v, ) 
f y^ f w b 
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where f denotes the film temperature which is the average of the 

bulk and wall temperatures. 

Swenson et al (13) correlated a wide range of their data for 

supercritical pressure steam by the relation 

Kn r>n-523 H - H, y 0.613 p 0.231 
| 5 . o . 0 0 4 5 9 « [(^«--^)jJi] if) 
w w w b w b 

which uses an average value of the specific heat given by the ratio 

of the enthalpy drop to the temperature drop. This correlation also 

fits the carbon dioxide data of Bringer and Smith (22), Wood and 

Smith (22), and Koppel and Smith (27). 

Hendricks et al (16) treat the problem as an extension of the 

problem at subcrltlcal pressures. A pseudo-quality is defined, and 

the ratio of the experimental Nusselt number to the calculated Nusselt 

number Is plotted as a function of a modified Martlnelll parameter X 
tt 

, 0.9 „ 0.5 ,. 0.1 
1 - ̂ 2 Pj y^ 

„here x̂ t " (-^) (̂ ) (̂ > 

and x» • pseudo-quality - ( ̂ '^') ( 
2 Pv Po - P b PA - Pp.g. 

(Here f refers to the film temperature and I refers to the heavy 

density conditions, and p.g. refers to "perfect gas" conditions.) 

The calculated Nusselt number is based on 

Nu - .021(-^^^) Pr -̂"̂  {1 + 15(^-^) [1 + (-̂ ) ] , „T„ „ x> (- b 

Pf ' f ^^rit Pb Pf"b(«f-«b> 8D 
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^ X2 (1 - X2) 
Where • — + 

pfm Pf Pa 

This new correlation was proposed to fit the extensive supercritical 

hydrogen data of Hendricks et al. This correlated the data within 

40 percent. 

Another correlation for supercritical pressure heat transfer has 

been proposed by Petukov et al (6) in the form of a Reynolds analogy: 

j,̂  . iZ8_^^e_Pr 

12.7 /C/S (Pr^^^ - 1) + 1. 07 

_2 
where 5 " friction factor » (1.82 log Re - 1.64) . 

This has been found to be unsuccessful in predicting the heat 

transfer rates at high heat fluxes. 
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3. PROPERTIES NEAR THE CRITICAL POINT 

The reason for the variation of the heat transfer coefficient 

with the heat flux is the strong dependence of the properties of the 

fluid on the temperature and the pressure in the neighborhood of the 

critical point. 

Figure 3 shows the state diagram for fluids like carbon dioxide 

and water in a temperature-entropy plane. A constant pressure line 

at subcrltlcal pressure is represented by 1-1, while 2-2 represents a 

constant pressure line at supercritical pressure. Assuming thermody

namic equilibrium to exist, an equation for an isotherm in the two-

phase region may be derived by satisfying the conditions for the liquid 

and vapor to co-exist in stable equilibrium with a plane Interface. In 

the limiting case this yields the critical Isotherm. Thus, above the 

critical pressure though the fluid tindergoes a rapid change in its 

physical properties in the vicinity of the pseudocrltical temperature. 

It does not undergo a phase transition; I.e., the fluid can exist as 

a homogeneous medium at any temperature. 

At the critical temperature, the transport properties, viscosity, 

and thermal conductivity, as well as the density, fall sharply while 

the specific heat peaks to a high value. At supercritical pressures, 

the temperature corresponding to the peak in specific heat is referred 

to as the pseudocrltical temperature. Properties of various fluids in 

the critical region have been investigated and are fairly well known. 

The properties of water in the critical region have been determined by 

Novak et al, (31), Novak and Grosh (32), etc., and the properties of carbon 
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dioxide were determined by Mlchels et al (33, 34, 35, 36, 37), Clark (38), 

Keesom (39), Tzederberg and Morosova (40), etc. Figure 4 shows the varia

tion of properties for water at 3300 psi., taken from reference 13. The 

viscosity, thermal conductivity and density (inverse of specific volume 

in the figure) are seen seen to fall by factors of four to eight. 

The most reliable property data is the p-v-T data for various fluids 

in the critical region. There has been some controversy regarding the 

measurement of the viscosity and thermal conductivity. The methods used 

to measure viscosity were the transpiration of fluid through a capillary 

tube and the use of an oscillating disc. While Mlchels et al (35) found 

a peak in the viscosity near the critical temperature, others, for example. 

Starling et al (41) did not find peaks for the same fluid (carbon dioxide). 

There is therefore some doubt about the existence of peaks In the critical 

region data. 

The data of Sengers and Mlchels (42) for thermal conductivity also 

shows a peak in the vicinity of the critical temperature, while that of 

Tzederberg and Morosova (40) does not. These peaks have usually been 

discounted as due to effects of free convection present in the test cell 

in the critical region in the presence of large density gradients. 

A detailed review of the properties of carbon dioxide in the criti

cal region has been made by Khan (43), in which he compares the results 

and methods of measurement used by various investigators. In this report, 

the transport properties have been assumed to decrease monotonically in 

the critical region. This has been assumed by the majority of the workers 

in the field, though Tanaka et al (24) Incorporated the peak in thermal 
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conductlvlty into their analysis so as to get a better fit with their 

low heat flux data for the heat transfer coefficient. 
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4. THEORETICAL APPROACH 

4.1. Introduction 

Some of the previous analytical methods of prediction of super

critical pressure heat transfer were discussed in Section 3. These 

include the various correlations for the Nusselt number in terms of 

the Reynolds number and various property parameters based on both 

empirical and analytical considerations. 

Kutateladze (44) has developed an integral method for calcula

tions for turbulent flow. This consists In relating the Stanton 

numbers and friction factors under conditions of variable, tempera

ture dependent properties, to the well-known values for constant 

property flows. The ratios of the corresponding Stanton numbers and 

friction factors are evaluated as limits for very large Reynolds num

bers and essentially involve the density ratio at wall and bulk tem

peratures. For supercritical pressure heat transfer, Kutateladze 

suggests the relation: 

, 1 / 2 2 

^o ° Pb 

where S =• Stanton number = Q /A/p,U, (h - h, ) 
o b b w D 

S, = Stanton number for constant property fluid at the bulk tem:-

perature, 

e = (h - h )/(h - h ) , 

w D w 

h = enthalpy. 
This relation appears to be inadequate in the critical region, since 

it completely Ignores the large variations in conductivity and viscosity. 
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However, the present calculations have shown that at high heat fluxes, 

the change in density is the most important property change. 

4.2. Present Approach 

The main approach in this work has been based on the integration 

of the differential equations governing the flow. The problem has 

been treated as that of heat transfer to a single phase, turbulent 

flow with variable properties, and the simultaneous differential equa

tions governing the momentum and energy balance in the fluid have been 

solved after making numerous simplifications. Due to the nature of 

the eddy dlffusivlty expressions and the property variations, an analyti

cal Integration was not possible, and a numerical procedure was used in 

conjunction with the IBM 360 computer at the M.I.T. Computation Center. 

4.3. Basic Equations 

The equations governing the mean flow of a turbulent fluid through 

a constant area pipe, (Fig. 5) in the steady state, and assuming axial 

symmetry are: 

Continuity 

^4af<P-)-0 (4.1) 

Momentum 

il + l+d£ (4.2) 
3r r dZ " 

Energy 

pcp("i^^f>-7l?<'^> <^-3> 
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where 

r <• local radius 

Z - axial coordinate (Fig. 5) 

U = local £uclal velocity 

V = local radial velocity 

T » local temperature 

T = local wall shear stress 

dp/dZ " pressure gradient in the axial direction 

q = local heat flux 

p » local density 

Cp = local specific heat at constant pressure 

The assumptions made in this formulation are: 

1. The momentum terms are small compared to the shear stress terms. 

2. The radial velocities are small enough, so that the radial pressure 

drop can be neglected. 

3. Axial conduction is considered to be negligible. 

4. The momentum equation does not take the gravitational terms Into 

account. 

Of these assumptions, only the last one may lead to significant 

errors. In the critical region, the density differences are so large 

that an appraisal of this assumption is necessary. The errors due to 

neglecting the buoyancy terms will depend on the Grashof number, which 

in turn depends on the test section diameter, £uid the Reynolds number, 

which depends on the mass flow rate. The effect of the distortion of 

of the shear stress profile due to buoyancy forces is treated in Section 

4.5. 
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In two dimensional turbulent flow, the transport equations can be 

expressed as 

q^ . - (k 4- pCpSj^) ^ 

\ ' ^^^ P̂m> 17 

where k • thermal conductivity 

y = viscosity 

e * eddy dlffusivlty of momentum 

e, • eddy dlffusivlty of heat. 

The additional terms pe and pC c In the transport equations are 

the Reynolds stress and heat transport terms. These arise when the 

local properties, velocities, and temperatures are expressed as the sum 

of a mean component and a fluctuating component, and the results are 

substituted in the equations of continuity, momentum, and energy. Here 

(PV)'u' is defined by pe |^ , and (pV)'h' is defined as pC e. |^ 
•̂  m 8r ' ^ '̂  p h dr 

This system of two dimensional equations can be solved with speci

fied initial velocity and temperature profiles at the beginning of a 

long section and the boundary conditions U •= 0, V = 0 at the wall of 

the tube. 

Two-dimensional solutions for turbulent flow have been obtained 

by Buleev et al (58) and Delssler (59), both for entrance regions. 

Buleev et al followed a method similar to the one outlined, performing 

a rigorous two-dimensional Integration of the differential equations, 

and they also Included the axial conduction terms both in the fluid and 
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in the tube wall in their equations. The solution was obtained for 

constant property flow, though a variation in the thermal conductivity 

of the metal wall was considered. Unfortunately, the expressions 

used for the eddy diffuslvities are not given in the paper. 

Delssler followed a different line of attack. Solving for the 

thermal entrance region, he used an Integral energy balance procedure 

to obtain the variation of the thickness of the thermal boundary layer 

with axial distance in which he used the one-dimensional transport 

equations for each cross section for the radial variation in the fluid 

temperature within the thermal boundary layer. The radial shear stress 

and heat flux distributions were assumed to be constant for the integra

tion of the transport equations, and the same form of the eddy dlffusivlty 

as used by him for one-dimensional solutions ©escribed in the next section) 

was employed. 

A two-dimensional solution was first attempted with some degree 

of success, but was given up in favor of a simpler solution which 

required less time on the computer. The main disadvantages of a two-

dimensional solution are: 

1. It is time consuming and involved. 

2. It is restricted to a particular set of initial conditions. 

3. The conventional expressions for the eddy diffuslvities are based 

on local conditions in the flow, and objections may be raised as 

to the validity of this formulation in a two-dimensional solution 

where the history effects are presumably important. 

Great simplification is achieved by treating the problem as one of 

"fully developed" flow and using only the overall continuity condition 

over the cross section. 
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The simplified system of equations becomes: 

Continuity 

1 ^ 
G = — 2 •'' 2TrrpUdr (4 

irR 0 

Momentiim 

1— m L 
T " R (4 

Energy 

_ U3T „ ^ 3T 
rpCp - ^ - Urp Cp -^ 

bulk 

bulk 

where 

G -

o 

R = 

mass flow rate/ar̂  

wall shear stress 

radius of tube. 

Introducing 

'% 
3h A 
3Z u 11, GR bulk 

where 

Q /A >> wall heat flux/area, the energy equation becomes 

7^ 2rpU -^ 

h ^-^^ - -GR^ < ^ 
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whlch gives the variation of q along the radius. A still simpler form 

can be used for the variation of q by noticing that near the wall 

q » (Q /A), and at the center q * 0. In the central turbulent core, 

the variation of q does not Influence the results by much. Thus a 

linear variation in q may be prescribed 

' (4.10) 
Q^/A R • 

Both forms of Equations (4.9) and (4.10) were tried, and the results 

were found to differ very slightly, hence the simpler form of Equation 

(4.10) was later adopted. 

The final simplified equations now become 

T r 

5_ 
^ o . r 
A R 

" 

-

R - y 
R 

R - y 
R 

1 ^ 
G - ̂  / 2pU(R - y) dy 

R 0 

where y » distance from the wall = R - r, together with the transport 

equations 

q - - (k + pCpeĵ ) ^ 

which yield 
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A^ ^^ - y^ dT 
q = ^ (k + pCpeĵ ) |i (4.12) 

which can be solved simultaneously for U, T with the boundary conditions. 

y - 0. U - 0. T = T^^^^ 

with prescribed wall shear stress T , and heat flux Q /A, and when the 

eddy dlffuslvltles are known. 

The mass flow rate and bulk enthalpy at a section are then obtained 

as 

1 ^ G = -J / 2(R - y) Updy (4.13) 
R 0 

1 ^ H = -|- / 2(R - y) Uphdy . (4.14) 
R G 0 

A rudimentary nondimenslonallzatlon may be achieved by using refer

ence values of the properties and reference temperature and a reference 

enthalpy. 

e * 
/I -trN / + . + mv dU (1 - Y) - (U + p - ) ^ (̂  .̂ 3) 

o 

(,+ . + n + ^ ĥXdT''" 
k +p Cp Pro^jdr ô (1 - Y> - -p ^ ^ -H '̂o ̂  IdT (4.16) 
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G^ - 2 / (1 - Y) p"*" U* T •*" dY (4.17) 

0 ° 

H"̂  = -^ / (1 - Y) p"̂  U* T "̂  h"̂  dY (4.18) 

G"̂  0 ° 

where + indicates nondimenslonallzed values, o Indicates reference values 

Y 

+ 
y 
+ 
P 

^o 

U 

c 
k-*-

CP^ 

'̂̂ o 

T+ 

G+ 

O 

H"̂  

h+ 

with the 

y = 

- y/R 

-p/y^ 

- P/Po 

= y /p = reference kinematic viscosity 

= Uy^/RT 
O o 

- RQ /A/T k 
^o o o 

=• k/k 
o 

- Cp/Cp^ 

" Cp y /k •> reference Prandtl number 
•̂o o o 

- T/T 
o 

= GR/y^ 

2 2 
- T R p /y 

o o o 

- H/h 
o 

- h/h 
o 

boundary conditions 

0, U = 0, T"̂  » T"*" wall. 

This formulation has the advantage of eliminating the radius of the 

tube R as a separate variable and reduces the input variables to T .., 

Q_, T , and the output variables to G, H, T, U for a particular pressure. 
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However, in line with the previously made comments, this is subject to 

the limitations that the gravity terms are not significant, so that for 

large diameter tubes the validity of this formulation is in doubt. 

Theoretical solutions using the method of radial Integration of 

this sort have been performed in the past by several investigators, 

notably by Deissler (28) and Hsu and Smith (45) , which generally lead 

to relations between the Nusselt number and the shear stress. The main 

difference between their methods and the present one is the form of 

non-dlmenslonalization and presentation of the results. The variables 

were chosen so as to allow direct computation of heat transfer results 

for given conditions of flow rate and heat flux. Deissler et al have 

utilized the method of non-dlmenslonalization with respect to the wall 

shear stress, and their results involve a parameter 3 defined as 

Q Ik A /p 
—-z.——-= (where T is the absolute wall temperature in degrees Rankine) 

"° o w 

which also involves the shear stress. In this form, the plot cannot be 

used to calculate the Nusselt number or the heat transfer coefficient, 

unless the wall shear stress is eissumed. This is presumably obtained 

from the friction factor for the turbulent flow, evaluated at the bulk 

temperature and properties. The present method relates the wall shear 

stress to the mass flow rate through the continuity condition, and the 

form of the results does not Involve the wall shear stress. The wall 

shear stress can differ substantially from that obtained by a conven

tional friction factor estimate based on bulk properties. A conventional 

Reynolds number versus Nusselt number plot as used by Deissler cannot be 

used to show this shear stress variation. All the governing parameters 
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cannot be represented in one two-dimensional plot. While Deissler's 

results Involve a separate plot for each wall temperature, the present 

format for the results requires a separate plot for each heat flux. 

4.4 Expressions for the Eddy Diffuslvlty 

In order to solve for the velocity and temperature profiles from 

the preceding equations, expressions are required for the eddy dlffuslvl

tles of momentum and heat transfer. 

Bousslnesq was the first to Introduce the concept of eddy viscosity 

as a turbulent exchange coefficient in order to obtain some practical 

results from the Reynolds equations. However, the most successful semi-

empirical theory of turbulence is Preindtl's mixing length theory in which 

he introduced the similarity of turbulence with the kinetic theory of 

gases. By Introducing the theory that certain turbulent fluctuations In 

a particular quantity may be assumed to be proportional to the gradient 

of the mean value of the quantity in the flow, Prandtl was able to 

express the eddy viscosity as £ — where £ is the mixing length over 

which the eddies are assumed to retain their properties. 

Even though the mixing length theory has successfully predicted the 

mean velocity distributions In many practical problems, it is known to 

have serious limitations and inconsistencies. The more fundamental 

objections to the general validity of the mixing length approximations 

concern not so much the crudity of the assumed mixing process as the 

dependence of mixing length and eddy transport on local conditions in 

the flow, and they are supported by the observations that the turbulent 

kinetic energy at a point may depend as much on transport processes from 

remote parts of the flow as on the local conditions of production and 
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disslpation (46). A history effect would seem Indicated for a more 

satisfactory description of the flow. However, in the absence of any 

reliable formulations of this kind, it is advisable to use one of the 

empirically available forms which have proved useful in the past under 

various circumstances. A brief survey of these is now presented. 

In the past ten years, a number of analytical and empirical 

expressions have been proposed for the velocity or eddy diffuslvlty 

distributions near a wall. Of these, Deissler's (47) is probably the 

easiest to use while van Driest's (48) the most accurate (49). All 

except the complex expressions of Relchardt (50) and van Driest, how

ever, are composed of two expressions valid for different ranges of 

the dlmensionless distance from the wall, y . Spalding (51) has pro-

+ + 

posed a new single formula which expresses y as a function of U 

(dlmensionless velocity). 

Additional difficulties arise when the flow Involves variable 

properties. Moreover, the eddy diffuslvlty for heat transfer has not 

been as widely Investigated as the eddy diffuslvlty for momentum. It 

is customary to assume that they are equal for most cases. There is 

some evidence to show (52) that this is a good assumption when the 

Prandtl number is not significantly different from unity and that in 

this range the ratio of the two dlffuslvltles is at most a weak func

tion of the Prandtl number. 

For constant property flow, Deissler's expression is 

2 + 

e - n Uy y < 26 

" _,2 2 • 

(^) 
dy2 
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(The expression for the core is based on von Karman's similarity 

hypothesis.) 

where 

T 
o 

+ Pw y = —^ y, n = 0.109, K = 0.36 . 

Pw 

The velocity profiles generated with this expression match experi

mental profiles closely. 

For variable property flow, in order to take into account the effect 

of the local kinematic viscosity, Deissler (47) has suggested the use of 

the following expression: 

2„ ,, -n Uyp/yv + ^ ot n Uy(l - e -^r- '-y y < 26 

K^(dU/dy)^/(dVdy^)^ y"̂  > 26 

where p, y are the local properties and p /y are the properties evalu

ated at the wall temperature. 

In the central region y > 26, it is easier to use Prandtl's 

expression for diffuslvlty 

e = K?y^ dU/dy 

K= 0.36 . 

This form has the advantage that It can predict peaks in the velocity 

profile at points other than in the center, which might exist in the 

presence of large free convection effects. Karman's formulation cannot 
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be used for this purpose. Thus, Deissler's formulation for the eddy 

diffuslvlty becomes (as used by Hsu (45)) 

2 + + ^n -n U y py„/p y . 
e = n U y — [1 - e ] y < 26 

Po 

% +2 dU-*-

o dy 
v2 "^o +2 dU + ^ -, 
'^ — y — - y > 26 

+ + 
Since this formulation involves the use of y , U based on the 

properties at the wall temperature, an Improvement has been suggested 

by Goldmann (53) in which y , U are replaced by y , U 

where 

T 
y -^ U 

y = / -^ dy, U » / - ^ 
o -̂  o o 

p __ 

so that the expressions for the diffuslvlty become 

Goldmann: 

2„4+ ++ y ri f 2„-H- ++. , ++ ^ oA e = n U y — [ 1 - exp(-n U y )] y < 26 

;f2 y -H-2 dU ++ ^ „, 
= K - y - — y > 26 

dy 

This procedure Involves the integrated values of the parameter U 

and y and appears more suitable for the case of variable property flow. 

Van Driest (48) has proposed a single "law of the wall" in which 

the mixing length is modified to the form Ky(l - exp(- y/A)) in order 
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to introduce the viscous damping of eddies near the wall. Thus, the 

expressions for the eddy diffuslvlty becomes 

e = K V [ 1 - exp(- y/A)]^^ . 

A fourth well-known form for the eddy diffuslvlty has been sug

gested by Spalding (50) on an empirical basis to fit the velocity dis

tribution for constant property flow. This differs from the others in 

that y and the diffuslvlty are given as functions of U . 

The dlmensionless eddy viscosity is given by 

molecular 

The diffusivltles suggested by Deissler, Goldmann,and van Driest 

were tried and found to yield the same type of results with differences 

in the wall to center line temperature drops of less than 10 percent. 

Goldmann's scheme has been employed for the bulk of the work since it 

is more appealing on a physical basis for the reason that it uses an 

integrated value of the Reynolds number y to determine the transition 

from the viscous to the turbulent region, rather than y based on the 

properties at the wall temperature and because it uses averaged values 

of U and y in the calculations. 

Several modifications have been proposed in the form of the eddy 

diffuslvlty to take into account the presence of the large density 

gradients that exist in the flow in the critical region, which may tend 

to promote greater mixing. Hsu and Smith (45) and Hall et al (25) have 

suggested multiplying the conventional diffuslvlty by an amplification 



-50-

factor to take this into account. Hsu and Smith make the following 

argument. 

The Reynolds shear stress in turbulent flow can be written as 

T . vL ^^-^ . 
dy 

For constant density. 

dU dU •̂1 - VL p ̂  - e^^ p ^ 

For variable density 

^ = - P f t^--^^. 

or 

m ml m 

where 

p __ U dp/dy ^ d(lnp) /d(lnU) 
m p dU/dy dy / dy 

. / . 

F is then calculated in terms of the density and the rate of change of 
m 

density with temperature. 

Deissler (45) has raised some objections to this form of diffuslvlty. 

Hall et al used an enchancement factor given by 

1 (3P) 
p ^^T 

P̂ ^a^o 
87.8 °F 

for carbon dioxide. 
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A was chosen to be 0.4 for their setup to obtain a quantitative agree

ment between experiment and theory. 

These enhanced diffuslvlty models suffer from the defect that they 

lead to enormous diffusivltles very close to the wall when the critical 

temperature is in the vicinity of the wall and yield very large heat 

transfer rates, irrespective of the magnitude of the heat flux, which 

is clearly contrary to experiment. Modifications are possible for this 

in two directions: history effects and viscous damping near wall. In 

a recent paper, Mellk-Pashaev (60) has suggested two modifications in 

the previous models for the diffuslvlty. He evaluated the effect of 

density variations on the diffuslvlty in the following manner: 

The Reynolds shear stress and heat flux terms are 

T - - p u'v' - p'u'v' , q =• p h'v' + p'h'v' 

which can be written in the usual manner as 

,.p<ds/,2,,^^d£, 

„ - du dh ri i '̂ P dp, 

^ " - p ^ ^ h d b T d ^ f ^ ' - r # • 

If the mixing lengths of enthalpy and density (£> ) are assumed to be of 

the order C.£ compared to the mixing length S. for the velocities. 
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and 

„2 du dh r- , n dh , 

q = - p^ c d7 • d7 t i + cii ^ . X] 

where 

1 dp 
p dh 

To a first approximation, the shear stress equation yields 

and division of the heat flux equation by the shear stress equation 

yields 

dh q du £, 
dy T dy c * 

This can be combined with the expression for a to give 

cx£ ^ â L . 

This Is the addition to the diffuslvlty due to the density gradients. 

The other difference in Mellk-Pashaev's solution is the different 

boundary used for determining the transition from the wall layer to the 

turbulent core. The criterion used for this purpose is that the ratio 

of the molecular and turbulent viscosities is a constant. This leads 

+ + 

to the criterion of the form U y = 335 for transition. The amplifica

tion term in the diffuslvlty is used only in the turbulent core unlike 

Hsu and Smith, who have some amplification very close to the wall. A 

comparison using this form of diffuslvlty has led Mellk-Pashaev to con

clude that the heat transfer coefficient is about 7-10 percent higher 

than that computed without the density gradient amplification in diffuslvlty. 
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However, for most of the work in this report, Goldmann's form for 

the diffuslvlty has been employed where 

Q — ~ o y 
P 

o rr- ^ ° o ^ 

in terms of previously nondimenslonallzed quantities where 

. T R'̂  p . Uy 

^o = 2 ~ ' " = Rf- • 

The use of Mellk-Pashaev's expression for the diffuslvlty might lead 

to slightly better agreement with experiments; however, there is no 

experimental evidence to support it, and some of the assumptions in 

its derivation may be open to question. 

4.5 Method of Solution 

The solution consists in numerically solving the Equations (4.11) 

and (4.12) (using the expressions for eddy diffuslvlty in the previous 

section) for a prescribed heat flux Q /A, shear stress,and wall tempera

ture and then evaluating the mass flow rate and bulk enthalpy from the 

integrals in Equations (4.13) and (4.14). The method used was an 

explicit finite forward difference procedure, starting at the wall and 

proceeding inwards to the center of the tube. Because of the large 
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amount of calculation Involved In computing the profiles for various 

wall temperatures and wall shear stresses, this method was preferred 

as being the quickest over a formal relaxation procedure, though it is 

less accurate. The grid Intervals were fixed by trying several sets 

for constant properties until the propagated truncation error was less 

than 2 percent. By comparing the results of a first-order difference 

solution, which yields a positive propagated error in the temperature 

drop and a second-order procedure which yields a negative propagated 

error, bounds were placed on the solution. Properties of steam at 

3300 psi and carbon dioxide at 1075, 1100, and 1150 psi. were obtained 

from References 13 and 43. A computer subroutine was written to interpo

late properties from this data. 

The essentials of the solution can be tabulated as in Table 2 below, 

which shows the inputs and outputs for the solution. 

D Q^/A 

50,000 

T 
wall 

800 

Inputs 

T 
o 
2 X 10^ 

3 X 10^ 

T 

800 

798 

800 

U 

0 

200 

0 

Outputs 

G 

4 X 10^ 

4.5 X 10^ 

H 

685 

705 

4.6 Effect of Buoyancy Terms 

In the preceding sections a calculation procedure has been outlined, 

which does not take the buoyancy terms into accotmt. However, omission 

of the buoyancy forces may not be permissible under certain conditions. 
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Obviously, the gravitational terms are the most significant at low 

mass velocities and for large diameter tubes (large Grashof numbers 

and small Reynolds numbers). Two investigators have considered the 

gravitational forces In their analyses. Hsu and Smith (45) came to 
3 

the conclusion that when the parameter Gr/R+ is of the order of 0.1, 

natural convection terms are important, as far as the effects on the 

velocity and temperature profiles are concerned. 

^Pb ~ Pw^ Pw ^ 3 Gr = Grashof No = — =~ (.-^) R g 
w w 

T 1/2 p 

Pw ^̂ w 

They Indicate that the result for heating in upflow is to flatten 

the velocity and dlmensionless temperature profiles and increase the 

hsat transfer coefficient at a given Reynolds number. The objections 

to this analysis have been mainly the form of the eddy diffuslvlty 

employed (enhanced diffuslvlty model). Also, this approach is based 

on the assumed values of the shear stress appearing In the parameter 3 

in their results. 

On the other hand. Hall (54) has proposed a qualitative model to 

explain the sharp deterioration in heat transfer that he observed in 

upflow but not in downflow. He assumed a discontinuous change in 

properties between a "wall layer" and the core of the flow. He attri

butes the decrease In the heat transfer to a suppression of turbulence 

caused by a sharp drop in the shear stress near the wall due to the 
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buoyancy forces. The Improvement in heat transfer beyond the tempera

ture peak is attributed to the wall layer becoming turbulent. 

An extension of the theory proposed in the previous section can 

be made to cover this case by modifying the shear stress distribution 

across the cross section of the fluid due to the buoyancy forces. 

If a ring-shaped differential volume is considered, of radius (R-y) 

and height Az, a force balance on a unit area perpendicular to the direc

tion of flow yields: 

I - R ^ - <"« - |J> - "• «•") 
where y = distance from the wall. Integrating this equation with the 

boundary condition 

T » T at y = 0 , 
o ' 

^ = R ^ ^o + F ^ "̂̂  (p^ +1^> (^ - y> ^y • (^-20) 

Using an overall force balance condition 

2T 
° + P̂ g + ̂  = 0 . (4.21) 
R ^b* Az 

Here the bulk dens i t y p, i s def ined by 

1 ^ 
p, = - \ / 2Trp(R - y) dy . (4 .22) 

TTR O 

Combining equations (4.21) and (4.20) 
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T » ^^R y^ T^ + r ~ - / (p - p,̂ ) g(R - y) dy (4.23) 
y o 

R8(Pb - Pw> J (P - Pb̂  
or T/T̂  - (1 - Y) + :rnrry)^ / ( ; ) (1 - Y) dY 

o o ^b w 

PT- P« ^« Y (p - p ) 
or T/T - (1 - Y) + —rr^ -^-|- / 7- e_,r (1 - Y) dY (4.24) 

T +(1 - Y) p. y 2 o P̂b - Pŵ  
o b o 

„2 
T R p 

u ^ + o ^o 
where T » =— . 

Thus, the governing equations become in this case 

+2 
rr- V^r^ Y (p - p ) e , * 

1 (1-Y) p, o •̂b ^w o 
o b 

(4.25) 

e + 
Q̂ "̂ (l - Y) = - (k"̂  + p"̂  Cp"̂  Pr^ ̂ ) ̂  (4.16) 

o 

G"*" - 2 / (1 - Y) p"*" U* T •*" dY (4.17) 
o o 

H^ = -q: ^ (1 - Y) p"*" U* T "̂  h"̂  dY (4.18) 

Go ° 

p, ̂  = 2 / p^ (1 - Y) dY . (4.26) 
b 

o 

One additional complication is introduced since the value of the 

bulk density p, is not known to start with. Hence the process of solu

tion involves the choice of an Initial value for the bulk density and 
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iteratlon to satisfy equation (4.26) after solving for the tempera

ture and, therefore, the density distribution. 

A much more serious difficulty arises in the formulation of the 

eddy diffuslvlty due to the following reasons: 

1. When the shear stress profile is sufficiently distorted so that 

the value of the shear stress falls to a small value near the 

wall, the applicability of the Goldmann or Deissler expressions 

near the wall is in question because they are based on an almost 

constant shear stress near the wall. The results obtained from 

the van Driest formulation, which relates the diffuslvlty to the 

shear stress near the wall as well as in the core, are signifi

cantly different from those obtained with other formulations. 

The van Driest expression appears to be a better one to use in 

these circumstances. 

2. If the effect of buoyancy forces is sufficiently large so that the 

shear stress passes through zero near the wall and becomes negative, 

other questions are raised. It is doubtful that the eddy diffuslvlty 

goes through zero when the shear stress does. There is evidence to 

show that even the center line value of the eddy viscosity is not 

zero. (55) 

Also, the fact that the shear stress goes through zero implies 

that a velocity maximum exists at a radial distance from the wall away 

from the center line. This means that the velocity and temperature 

profiles are basically different in shape and that the eddy diffusivl

tles for heat and momentum can be quite different in certain regions 

of theflow. Bourne (56) has investigated the free convection problem 
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on a vertical plate, where a similar situation exists. By substituting 

empirical formulas for experimental velocity and temperature profiles, 

he integrated the mean momenttim and temperature equations to determine 

e and e, . The results showed that the value of e,/e varied from zero 
m h h m 

to a maximum of 5.5 in the inner 50 percent of the boundary layer. He 

concludes that the assumption of the equality of the diffusivltles of 

heat and momentum is valid only when the boundary conditions for the 

temperature and the downstream component of the velocity are similar. 

The theoretical approach has therefore been restricted to the case 

where the shear stress distribution was not sufficiently distorted to 

create these difficulties. The results are thus only a qualitative 

measure of the trends in the heat transfer coefficient as the buoyancy 

forces are Introduced. More data, either of an empirical or analytical 

nature, are required regarding the turbulence production and the varia

tion of the eddy diffusivltles under conditions of this kind before the 

theory can be used to predict quantitatively the effects of large buoyancy 

forces in the critical region. 

A simpler approach can be used to relate the effects of the gravity 

forces to certain experimental parameters. On examining equation (4.24), 

It appears that the effect of the buoyancy terms on the radial shear 

stress variation is given by the right-hand term in the equation. This 

indicates the extent of the distortion of the shear stress profile from 

its initial linear profile. Since this is the only difference in the 

basic equations governing the flow when buoyancy terms are Introduced, 

the extent of this distortion is presumably a criterion that determines 
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the Importance of the superposed gravitational terms. The parameter 

that determines the distortion Is 

^ +2 ^ 2 Gry Gry w w or 
+ + r,2 

T P, T R p, o b o b 

If T is expressed as 

^ XT 2 

o '̂ b b 

where f is the friction factor, which is a weak function of the Reynolds 

number in turbulent flow 

2 ' 2 2 2 " 
^o^ Pb ' % ^ \ 

Gr 
2 • Re 

2 
Thus, Gr/Re represents a criterion for evaluating the influence of free 

convection on the main flow. It is evident that this criterion has the 

right form in that buoyancy effects Increase with the Grashof number and 

decrease at high Reynolds numbers. A more general expression might be 

Gr/Re , where x might be different from 2 if the friction factor cannot 

be assumed to be constant. Comparison with experimental results with 

large convection effects would be useful in determining the applicability 

of this criterion and in attaching critical values to it. 

Some of the results obtained by using the methods described in this 

chapter are presented in the next chapter. 
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5. ANALYTICAL RESULTS FOR STEAM 

5.1 Introduction 

The computed results based on the method described in Section 4 

are presented in this section. The computed output consists of the 

dlmensionless mass velocity parameter G , dlmensionless bulk enthalpy 

H , and the temperature and velocity profiles for each set of input 

variables, consisting of the wall temperature, dlmensionless heat 

+ + 

flux Q-, and the dlmensionless shear stress at the wall, T . The 

results presented here are based on Goldmann's formulation for the 

eddy diffuslvlty. In order to use the properties of steam without 

dividing by standard values of the respective properties, it was found 

convenient to assign the value of unity to all reference values. Then 

p = f(T) can be represented numerically by p/p = f(T/T-), etc., and 

GR has the same numerical value as GR/y = G . 
o 

RQ„/A has the same numerical value as RQ^/A/T^kQ = Q . 
2 2 2 + 

T R has the same numerical value as p R T /p » T . 
o "̂o o o o 

5.2 Mass Velocity Parameter vs. Bulk Enthalpy Plots 

The GD vs. H plots constitute the bulk of the computed results. 

Every value of the heat flux parameter QD requires a separate plot 

of this kind. The figures 6, 7, 8, 9 are GD vs. H plots for four 

different values of the heat flux parameter QD = 3300, 5000, 15000, 

and 25000 BTU/ft-hr, respectively. The curves on the plots are con

stant wall temperature lines. Each plot shows the GD range in the 

region of interest where hot spots are likely to occur. There is a 

continuous variation in wall shear stress along the constant temperature 
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llnes. The S-shaped Isotherms Indicate the peculiar behaviour of the 

heat transfer coefficient which Is a feature of the critical region. 

In a constant property region, the Isotherms would go up monotonlcally. 

The maximum In the Isotherm represents the maximum flow rate which would 

yield that temperature. This point corresponds to the peak wall tem

perature at that flow rate. The minimum In the Isotherm represents the 

minimum flow rate for which that wall temperature Is reached. This 

point corresponds to the minimum temperature In the post critical 

enthalpy region that occurs at the wall for the flow rate In question. 

In the limiting case of very large mass velocities, the Isotherms are 

asymptotic to the vertical lines corresponding to the enthalpy at the 

wall temperature. 

A plot of this kind Is obtained much more easily by the use of 

equation (4.10)rather than equation (4,9) for the radial heat flux 

distribution. If equation (4.9) Is used, the coupling between the 

heat flux distribution and the mass flow rate G requires Iteration to 

obtain agreement between the assumed and computed values of the mass 

flow rate. 

5.3 Comparison with the Experimental Results of Shltsman (9̂ ) 

In order to use the GD vs. H plots for a particular problem, It 

Is necessary to make a crossplot of the wall temperature versus bulk 

enthalpy for a constant flow rate. This entails marking the Intersec

tions of a horizontal line parallel to the H axis, at the required 

value of the mass flow rate parameter, with the constant temperature 

curves and noting the enthalpy at these Intersections. Figure 10 

2 
shows the crossplots made for G = 340,000 lbs/ft -hr for a tube of 



- 67 -

600 700 800 900 1000 ilOO 

BULK ENTHALPY, BTU/LB 

FIG. 1 0 : COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 



-68-

dlamter 0.033 ft.,and for three heat fluxes Q = 80,000, 100,000, and 

2 
132,000 BTU/ft -hr In order to correspond to the conditions used by 

Shltsman In his experiments. A plot of this type corresponds to the 

variation of wall temperature along the length of a tube with uniform 

heat Input. It Is seen that the calculations predict a marked deteriora

tion In heat transfer at about the same heat flux observed experimentally. 

Three features of comparison are noteworthy: 

1. The calculations do not predict a sudden deterioration In the heat 

transfer but a progressive one. 

2. Comparison with Shltsman's results shows that while at the Inception 

of the experimental peak, the calculated peak In wall temperature Is 

lower than the experimental peak, at higher values of the heat flux 

the situation reverses, and the predicted peak Is higher. At the 

higher heat fluxes, therefore, the predictions are on the conserva

tive side from the designer's point of view. 

3. It Is evident that the predictions are somewhat high In the enthalpy 

region beyond the peak In wall temperature. This Is probably due 

to the fact there Is additional mixing In the core of the flow In 

this region of large density gradients In the core, which has not 

been accounted for In the calculations. Also, this Is the region 

where the fully developed profile assumptions are least valid. 

A comparison with the earlier two-dimensional model has shown that 

due to axial derivatives, the peak occurs a little earlier. I.e., at 

a smaller value of the bulk enthalpy and would lead to slightly better 

agreement with the experimental results. 
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5.4 Wall Shear Stress Variation Along the Tube 

The variation of wall shear stress plays an Important role in 

the solution. Figure 11 shows a sample plot of GD vs. bulk enthalpy 

with constant shear stress lines Instead of constant temperature lines 

as in Figures 6-9. The peak in the shear stress lines corresponds to 

the maximum flow rate that yields that shear stress at the wall. If 

a crossplot of shear stress vs. bulk enthalpy is made from this data, 

the peak represents the minimum value of the shear stress at that flow 

rate. A shear stress calculated from the friction factor based on 

bulk properties would not show this minimum. This is an important 

aspect in which this solution differs from other solutions. 

A crossplot of the wall shear stress vs. bulk enthalpy is shown 

in Figure 12. This shows more clearly that the shear stress dips to 

a low value before rising again to a higher value corresponding to the 

"gaseous" (more correctly—low density) state. An examination of the 

effect of heat flux shows that the dip gets more pronounced as the heat 

flux is increased. The decrease in shear stress can be related to the 

drop in the density near the wall before there is an Increase in the 

core velocity. 

5.5 Computed Velocity and Temperature Profiles 

Figures 13 and 14 show typical velocity and temperature profiles 

at different values of the bulk enthalpy, corresponding to different 

sections along a heated tube. The profiles shown represent sections 

In the deteriorated region of heat transfer and sections in the enthalpy 

regions corresponding to the heavy and light states far removed from 
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the critical enthalpy. The velocity profiles away from the critical 

region are very similar. This Is to be expected when the flow Is highly 

turbulent and the Reynolds numbers are fairly high. An explanation 

sometimes suggested for the deterioration phenomenon Is that "re-laml-

narlzatlon" of the flow takes place. Though this Is confirmed by this 

Investigation to the extent that there Is a drop In the shear stress 

In the deteriorated region, the velocity profiles do not tend to the 

parabolic laminar profiles. On the contrary, the velocity profile Is 

"fuller" In the deteriorated region. 

The temperature profiles show that the temperature drop In the 

region close to the wall Is larger In the region associated with the 

peak In the wall temperature. The reason for the difference between 

the temperature profiles In the high and low density regions Is because 

of the much lower conductivity In the low density region which accounts 

for the proportionately larger temperature drop near the wall. 

The radial locus of the critical temperature In the fluid Is of 

some Interest, for example, In the formulation of Integral methods of 

solution. Figure 15 shows that the locus is "flatter" than for a con

stant property flow; i.e., the critical temperature persists longer near 

the wall. This is not surprising since the region around the point in 

the flow at the critical temperature behaves like a "heat sink." 

Calculations have shown that the deterioration in heat transfer 

occurs when the critical temperature is in the so-called "buffer" region, 

i.e., where 5 < y < 26, and the turbulent and laminar transport proper

ties are of the same order of magnitude. 
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5.6 Simplified Physical Model 

It is possible to postulate a simple physical model to explain 

the deterioration phenomenon based on the evidence of the computed 

results. 

If the equations governing the flow are examined, 

(1 - Y)q^ = p(a + s^) ^ (5.1) 

(1 - Y)T = p(v + e ) ~ (5.2) 
o "̂  m dy 

where a = k/pCp, v = y/p , 

it is evident that the velocity profiles and the enthalpy profiles will 

be identical if the molecular Pr = C u/k, and the turbulent Prandtl num-
P 

ber e,/e are both unity. 
h m ^ 
Since the assumption e, = e has been made and the molecular Prandtl 

n m 

number does not differ significantly from unity except in small '•ogions 

in the pre-critlcal enthalpy region, it should be expected that the rela

tion 

T " AU (5.3) 
o 

will hold in the pre-critlcal enthalpy region, 

or ^ - ^ ^ \ (5.4) 
^̂^ Pb "b p^M^^ 

which is Reynolds analogy with the enthalpy drop Ah used instead of C .AT. 

Thus there is a correlation between the friction factor and the heat trans

fer rate, and the deterioration corresponds to the drop in the shear stress* 
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Actually, the molecular Prandtl number is substantially greater than one 

near the wall in the deteriorated region, due to the critical tempera

ture being in the buffer region. Because of this, the deterioration 

in heat transfer coefficient is greater than the drop in the shear stress. 
T >b U ̂  

Typical calculations have shown that the ratio of —T T Z—TT" peaks to 
q̂ /Ahp̂ Û ^ 

a high value of about 2.5 to 3 when the wall temperature is close to the 

critical temperature and is substantially greater than one (1.5 to 2) in 

the region of the wall temperature peak. The drop in shear stress is 

basically governed by the radial temperature drop in the fluid stream as 

it approaches the critical region. When there is sufficiently large tem

perature difference between the wall and the bulk of the fluid, with the 

wall temperature being above and the bulk temperature below the pseudo-

critical temperature, the bulk velocity is essentially that of the high 

density fluid whereas the fluid near the wall is of low density. This 
causes the shear stress, governed by p u'v' to drop by a substantial 

amount. 

Furthermore, along the tube as the bulk enthalpy reaches a value 

close to the critical enthalpy, there is an improvement in heat trans

fer due to Increased shear stress and turbulence, a high value of the 

bulk Prandtl number, and enhanced mixing. 

Thus the phenomena of deterioration and improvement in heat trans

fer always exist side by side. At low heat fluxes, the deterioration 

is wiped out due to the nearness of the bulk temperature to the wall 

temperature, since the reduced viscosity and density in the film is 

almost simultaneously accompanied by Increasing velocities and an Increase 



-78-

In pC in the core of the flow. At high heat fluxes the Improvement 

in heat transfer is smaller because the high Prregion occupies a corres

pondingly smaller part of the cross section. 

The situations in the case of low and high mass heat fluxes are 

Illustrated in Figure 16. 

The variation in density is necessary to the physical model for 

the occurrence of the temperature peak. This is verified in Figures 17 

and 18. Figure 17 is a GD vs. bulk enthalpy plot in which the density 

and the specific heat are those of steam at 3300 psi., but the viscosity 

and conductivity are assigned constant values corresponding to the low 

density region. The S-shaped isotherms indicate that this situation 

will yield a maximum in the wall temperature—length along tube curve. 

Because of the low values of the conductivity and viscosity chosen, the 

wall temperatures are seen to be higher than those in Figure 7 (for 

QD = 5000 BTU/ft-hr, and all the properties of steam at 3300 psi) for 

corresponding enthalpy and flow rate, which is to be expected. 

Figure 18 shows the GD vs. bulk enthalpy plot when the specific 

heat, conductivity, and viscosity correspond to steam at 3300 psi., 

3 
but the density is assigned a constant value of 18 lbs/ft , which is 

in between the high density and low density regions. The Isotherms 

in this case are seen to rise monotonlcally. Though there is a varia

tion in the heat transfer coefficient as the enthalpy Increases, there 

is no temperature peak corresponding to a minimum in the heat transfer 

coefficient. 

This enables us to put maximum and minimum bounds on the heat 

transfer coefficient in the critical region. The worst case, obviously. 
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Is when the temperature difference is so large that the density in the 

buffer layer corresponds to the wall temperature while the bulk velocity 

corresponds to the bulk density. The most favorable case is when the 

temperature drop is so small that all properties correspond to the bulk 

temperature. Thus 

K f,̂  0.8 C u 0.4 
h = .023 -^ (^) (^^^) 
max D li, k, 

k GDP ^-S C,y °-^ 
h , - .023 -^ (—^) (-ebW) 
"•in D p^y^ k^ 

Unfortunately, these bounds are much too conservative to be of much use 

in most cases. 

5.7 Safe vs. Unsafe Plot for Steam 

It is desirable for the designer to know when deterioration in heat 

transfer may be expected. For a fluid at a specific pressure, the design 

parameters are the diameter of the heated tube and the mass velocities 

for which the system is designed. In terms of these parameters, the 

designer would like to know the "allowable" heat flux beyond which opera

tion becomes unsafe. In some situations as, for example, in nucleate 

boiling at subcrltlcal pressures, there is a sharp "burnout" point when 

the heater temperature can increase by a large factor. In the present 

problem, the computed results do not yield a sharp demarcation in heat 

flux where the heat transfer gets poor. It is rather a progressive 

deterioration that occurs in the heat transfer rate as the heat flux is 

increased. This raises a problem in defining an allowable heat flux. 
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It, therefore, becomes necessary to make a somewhat arbitrary decision 

as to when the deterioration is "unsafe." 

This may be done in a number of ways. One way is to fix the maxi

mum allowable temperature for the heater wall. For steam this may be 

fixed, for instance, at 1100 degrees F., or 1200 degrees F. based on the 

material capabilities. This would probably be the appropriate criterion 

for a designer concerned with steam generators. Perhaps a more general 

method is to define the heat flux as "unsafe" when the computed heat 

transfer coefficient is a certain fraction of that calculated by using 

one of the conventional heat transfer correlations. This provides a 

means of judging the amount of deterioration for different fluids whose 

critical temperatures may be widely different. The easiest correlation 

to use for this purpose is the MacAdams correlation with the bulk proper

ties used to evaluate the dimensionless parameters. This has two advan

tages : 

a. It removes the need for iteration, which becomes necessary when one 

of the other correlations involving the properties at the wall tem

perature is used, because the wall temperature is not known a priori. 

b. It is convenient since for most cases, it represents an upper bound 

on the heat transfer coefficient, and the computed heat transfer 

coefficient is always a fraction of it. 

The fraction of the MacAdams bulk property correlation that is 

deemed unsafe is again arbitrary. This may be fixed at 0.5 or 0.33, 

or some other convenient fraction. In this report, the fraction used 
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is 1/2; i.e., the heat flux is unsafe if in the bulk temperature range 

T < T < T 
bulk c wall 

^"/^"Mac "" ^'^ 

where Nû ^̂ ^ = 0.023 (Re)'^(Pr) •^, 

and the Reynolds and Prandtl numbers are evaluated for bulk properties, 

and Nu = computed Nusselt number = hD/k, . 

The bulk conductivity is used in calculating the Nusselt number 

so that the ratio of the two Nusselt numbers is equivalent to the ratio 

of the heat transfer coefficients. 

The virtues of making an arbitrary decision like this in determin

ing the allowable heat flux lie not so much in its applicability as an 

absolute safety guide line, but as a means of comparison for different 

fluids and for measuring the effects of various factors on the allowa

ble heat flux. It is also a very convenient means of comparison between 

computed and experimental results. 

With this definition, it is possible to make a "safe vs. unsafe" 

plot for steam in terms of the heat flux and the mass flow rate. By 

+ * 

using the parameters QD(= Q„ ) and GD(= U ), the effect of diameter is 

taken into account. Care must be taken, however, to restrict the use 

of this plot to relatively small diameter tubes, or high velocity 
2 

(i.e., small Gr/Re ) so that the free convection effects do not become 

dominant. A plot of this kind is shown in Figure 19. The curve labeled 

1 is based on computed results with the above mentioned criterion of 

allowable heat flux. The regions above and below this curve are labeled 
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"unsafe" and "safe," respectively. This means that if the conditions 

of heat flux and mass flow rate are such that they correspond to a 

point above the curve, the heat transfer coefficient in the pre-criti-

cal enthalpy region is less than half of the heat transfer coefficient 

as calculated using the MacAdams correlation using bulk properties. 

Similar curves could be drawn to represent the conditions where the 

heat transfer coefficient is 2/3 or 1/3 or some other desirable frac

tion of the heat transfer coefficient calculated from MacAdams' correla

tion. In the former event, the curve would lie above the drawn curve, 

and in the latter case, below it. 

In a recent paper by Styrikovich et al (1), design considerations 

for supercritical boilers have been presented based on experimental 

data. The authors suggest that the deterioration in heat transfer for 

2 2 

steam corresponds to the condition G/(QQ/A) < 4 (lbs/ft -hr)/(BTU/ft -hr) 

and give "allowable heat fluxes" for tubes 22 mm (.87 inch) in diameter. 

The criterion used for allowable heat flux appears to be that the outside 

tube surface should not exceed 580 °C (1080 °F). Curve 2 in Figure 19 

shows this plot for the allowable heat flux in terms of the mass veloci

ties. A comparison between curves 1 and 2 shows that the computed curve 

is conservative compared to the experimental curve. Part of the reason 

for this is that the criteria used for defining the allowable heat flux 

are different. Curve 3 in Figure 19 shows the computed curve which 

employs the criterion of a maximum wall temperature of 1050 F as interpo

lated from Figures 6-9, allowing for a 30-degree temperature drop through 

the wall. The agreement between curves 2 and 3 is seen to be extremely 

good. 
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5.8 Effect of Buoyancy Terms 

As mentioned in Section 4.6, difficulties arise in the estima

tion of the eddy diffusivity under conditions of large buoyancy effects 

which make the quantitative evaluation of the superposition of buoyancy 

forces difficult. 

An examination of the corresponding GD vs. bulk enthalpy plots 

computed with van Driest's fomnulation for the eddy diffusivity for 

upflow, downflow, and without gravitational terms leads to the follow

ing conclusions: 

1. At fairly high values, which covers most of the results in the 

present work, there is very little effect due to the buoyancy 

terms. 

2. At low mass velocities, the heat transfer coefficient seems to 

be worse in upflow than in downflow or without gravitational 

terms. The downflow results differ less from the no-gravity 

results than the upflow results. 

The reason for this unexpected result can be qualitatively seen 

in Figure 20 which shows the radial shear stress variation for 

upflow, downflow, and without gravity terms at similar conditions 

of flow rate and enthalpy. The poor heat transfer in upflow is 

tied in with the drop in the eddy diffusivity of momentum because 

of a sharp drop in the shear stress near the wall. Under corres

ponding conditions in downflow, the shear stress distribution is 

not such that it is likely to affect the diffusivity drastically. 

As to how much this will affect the eddy diffusivity of heat is 

not clear at this time. Also, significant changes in the flow 
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pattem such as flow reversal are possible and are not accounted 

for in the theory. 

-3 
3. An order of magnitude value of 2 x 10 , within a factor of two, 

2 
can be attached to the parameter Gr/Re at the place where the 

buoyancy effects significantly change the heat transfer results 

by a comparison of the GD vs. H plots. 

5.9 Discussion of Computed Results 

An analytical procedure has been developed which is successful 

in predicting the progressive deterioration in the heat transfer coeffi

cient at supercritical pressure as the heat flux is increased. The 

results yield a value of the temperature peak which agrees well with 

experimental evidence, though it usually yields a peak temperature that 

is somewhat higher than the experimental temperature. In the post peak 

region, due to shortcomings in the expressions used for the diffusivity, 

the predicted temperature is too high, and an enhanced diffusivity model 

is probably necessary in this region. A safe vs. unsafe plot has been 

drawn which can be of direct use to the designer, while somewhat conserva

tive. 

An important qualification on the use of the analytical procedure 

is that it cannot be extended to include large free convection effects. 

2 
The parameter of GR/Re has been suggested to determine when the free 

convection effects become important. 

It is useful at this stage to compare the computed results with 

the experimental results of various investigators for steam. This is 

done in Table 3. The table shows the operating conditions used by 

various investigators as well as the important findings. The parameter 



TABLE 3 

Comparison of Experimental and Theoretical Results for Steam 

Source 

Miropolskiy 

Shitsman 

Shitsman 

Schmidt 

Schmidt 

Styrikovich 

Swenson 
et al 

Calculations 

* 
Foster-
Wheeler 

Pressure 
psl. 

3300 

3400 

3650 

3250 

3250 

3500 

3300 -
6000 

3300 

3540 

Tube 
Dia. 
Inches 

0.63 

0.4 

0.4 

0.32 

0.25 

0.87 

0.371 

0.4 

0.982 

^ 2 
lbs/ft hr 

450,000 

340,000 

550,000 

550,000 

1,340,000 

400,000 -
2,400,000 

400,000 -
1,600,000 

340,000 

200,000 -
540,000 

Q/A 2 
BTU/ft hr 

165,000 

100,000 -
735,000 

300,000 

160,000 -
320,000 

160,000 -
320,000 

80,000 -
400,000 

65,000 -
580,000 

100,000 -
135,000 

100,000 -
260,000 

Orientation 

Upflow 

Upflow 

Upflow 

Vertical 
Horizontal 

Vertical 
Horizontal 

Vertical 
(?) 

(?) 

No Gravity 
Terms 

Vertical 

Enthalpy 
at Peak 
BTU/lb 

710 

760 -
780 

790 

810 -
840 

-

790-820 

810-820 

790-820 

Nature 
of Peak 

Very Sharp 

Sharp 

Small 

Broad 

No Peak 

Broad 

No Peak 
Decrease 
in Heat 
Transfer 

Broad 

Small 

Re 
GD 

^w 

295,000 

142,000 

230,000 

184,000 

450,000 

362,000 -
2.17xl06 

27,000 -
880,000 

142,000 

204,000 -
550,000 

Gr = 

b '̂w 

3.1x10^ 

8.1x10^ 

8,1x10^ 

4.1x10^ 

1.9x10^ 

66x10^ 

6.3x10^ 

-

1.18x10^ 

Gr/Re^ 

3.56x10"^ 

3.95x10"^ 

1.53x10"^ 

1.21x10"^ § 
I 

0.86x10"''̂  

0.14x10"-^ to 
5.05x10-3 

0.13x10"^ 
and above 

-

28.2x10"^ 

Small L/D = 50 
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2 
Gr/Re is also calculated to evaluate its significance. The Grashof 

Pb " Pw Pb ^ 3 
number is calculated as x (—) R g and the Reynolds number 

% % 
as GD/u . 

w 

The following observations can be made from the table: 

1. The nature of the deterioration varies from a sharp peak in the 

wall temperature to a broad temperature rise spread over a larger 

part of the test section. The computed peak lies in between the 

two extremes. 

2. There seems to be some correlation between the free convection 

2 
effect as measured by the GR/Re parameter and the sharpness of 

the peak. A sharp peak in wall temperature is probably influenced 

by additional deterioration due to free convection effects. 

3. The region of enthalpies where the deterioration in heat transfer 

takes place is also seen to vary in a manner similar to the nature 

of the deterioration; i.e., the sharpest peak occurs at a smaller 

value of the bulk enthalpy. Here too the calculated peak occurs 

in between the two extreme values of the bulk enthalpy. It should 

be noted that the use of a two-dimensional model yields a tempera

ture peak that occurs at a slightly smaller bulk enthalpy. 

-3 

4. The order of magnitude value of 2 x 10 for the free convection 

parameter is in line with the experimental findings. Only the 

results of Shitsman and Miropolskiy lie above this value, and the 

temperature peak in Miropolskiy's experiments does appear to be 

of a different character than the other experiments. The tempera

ture peaks in his experiments are much sharper and occur at sub

stantially smaller values of the bulk enthalpy. 
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In general, the computed results agree well with the results of 

Schmidt and Shitsman and Vikrev et al but not with those of 

Miropolskiy. Satisfactory agreement is obtained even when the 

distortion in the shear stress profile is considerable as in the 

experiments of Shitsman. The Foster Wheeler data does not tie 

in with either the computed results or those of the other experi

menters. This is probably because of dominant entrance effects 

in their experiments. 
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6. EXPERIMENTAL PROGRAM 

6.1 Introduction 

A detailed experimental program was undertaken to verify the 

computed results and to study the effects of various parameters such 

as the pressure, orientation, inlet effects, geometry, etc. on the 

deterioration phenomenon. Carbon dioxide was chosen as the working 

fluid because of its convenient critical range (T =88 F, p = 1071 

psia) as compared to those of water (T = 705 F, p = 3206 psia). 

Carbon dioxide has been used by various investigators for supercriti

cal pressure studies for the same reason. The previous experimental 

work in this field with carbon dioxide includes the work of Hall, 

Jackson et al (25), Knapp and Sabersky (4), Koppel and Smith (27), 

Tanaka et al (24) , Bringer and Smith (22), etc. None of these investiga

tors report a sharp deterioration in heat transfer to carbon dioxide 

as in other fluids. The reasons may be that Hall et al did not use 

high enough heat fluxes while Koppel and Smith, though using a wide 

range of heat fluxes, did not have low enough inlet temperatures to 

observe deterioration effects. A recent Russian investigation (61) 

reports very low heat transfer coefficients at high heat fluxes. A 

temperature peak as seen in other fluids is not reported because here 

again the inlet temperatures were not low enough. 

Another reason for using carbon dioxide is that its properties 

in the critical region have been the subject of much Investigation 

and are fairly well known as a result. Figure 21 shows the properties 

of carbon dioxide at 1075, 1100, 1150, and 1200 psia. taken from 



- 94 

55 

50 

45 

ro 
1 -
U. 
\ 
CO 
CD 
-J 

> 
h-
co 
"Z. 
LJ 
Q 

40 

35 

30 

25 

20 

15 

10 

* * ^ 

%s 

\ \ 

I 

. 

\ \ 

\ \ 

11 \ 
I \ 
^ 

^ ^ 4 

>- /^ 

V ~ ~ ^ ^ = = = : 

5sy 

= ^ ^ 

70 80 90 100 no 120 
TEMPERATURE.°F 

130 

FIG.21 (a) : DENSITY OF CARBON DIOXIDE 



- 95 . 

0.200 

0.180 

01 0.160 

0.140 
CO 
GO 

^. 0.120 

CO 

O 0.100 
CO 

^ 0.080 

0.060 

0.040 

'1 
1 

\ ll 
A\ |l 

" ^ 

V 

"c 

: 

l \ \ 

1 \ \ 
1 I \ 

\ \ \ -

" ' - ^ ^ : :^: -~-__ 

70 80 90 100 110 120 130 
TEMPERATURE, ° F 

FIG. 21(b) : VISCOSITY OF CARBON DIOXIDE 



- 96 -

Li. 
o 

cr 
X 
I 

0.080 

0.070 

LL. 0 . 0 6 0 

3 

CD 
0.050 

> 

O 

O 

o 
o 

z: 0.040 

0.030 

< 0.020 

IxJ 
X 

0.010 

1 

i 

^ 

1 
lOO-M^ 

1 1075^^^ 
PSI 

JiV\ 

^ ^ ^ 

"^ 

70 80 90 100 MO 
TEMPERATURE , ^F 

120 

FIG. 21(c) = THERMAL CONDUCTIVITY 
OF CARBON DIOXIDE 



97 

OD 
_I 
"^ 
3 

GQ 

>-" 
0 . 

< 
X 
H 
Z 
liJ 

150 

140 

130 

120 

110 

100 

90 

80 

70 

60 

50 

^ s * ' ^ 

/ 

1 
) J^ ^ 

^ 

7 / 
\ 1 / 

/ 

/ / 

' ^ 

U""^ 
yy> 
/ 

'y^ 

^ = = ^ 

- " ^ 

7 0 8 0 9 0 100 110 120 

TEMPERATURE, **F 

130 

FIG. 21(d): ENTHALPY OF CARBON DIOXIDE 



- 98 

o 
I 

CD 

Z5 
\-
CQ 

< 
UJ 
X 

o 

o 
UJ 
Q. 
CO 

5.00 

4.50 

4.00 

3.50 

3.00 

2.50 

2.00 

1.50 

1.00 

0.50 
k 

yy 

^ ^ 

ll 
II 
1 

ll 
1 

ii 

/ / 

# ^ ^ ^ ^ 

^ 

^ ^ 
70 80 90 100 110 120 

TEMPERATURE, °F 

FIG. 21(e)' SPECIFIC HEAT OF CARBON DIOXIDE 



-99-

reference 43. The viscosity and thermal conductivity graphs at 1075 

and 1100 psia are shown with peaks at the critical temperature in dotted 

lines. As was mentioned in Section 3, some investigators have reported 

measuring these peaks and others have not. The properties used in this 

report were assumed to decrease in the critical region rather than peak 

at the critical temperature. 

Another reason for choosing carbon dioxide as the working fluid 

is that it is quite stable near its critical point. Investigations 

with freons, which also have a convenient critical range, have shown 

in the past that severe problems can arise due to chemical disassocia-

tion in the critical region. 

In this investigation, deterioration in heat transfer was found 

to exist in carbon dioxide and to be sensitive to a number of factors 

such as the inlet enthalpy, swirl, etc. 

6.2 Description of Test Loop 

The high pressure loop used in this study was designed and built 

for the purpose at the Heat Transfer Laboratory at M.I.T. An overall 

view of the experimental setup is shown in Figure 22. The test loop 

was enclosed in a framework of wood and dexion. In order to Increase 

the corrosion resistance and prevent rusting, the fittings and piping 

were made of stainless steel. The piping consists mainly of 1/2-lnch 

seamless tubing, with sections of 1-lnch pipe In the pump bypass loop 

£Uid 2-lnch pipe in the main heat exchanger. The entire loop was designed 

for a pressure of 2000 psi. Figure 23 shows a schematic diagram of the 

loop. The system pressure was maintained with a Llquidonics gas accumulator. 



o 
o 

F I G . 2 2 : OVERALL VIEW OF EXPERIMENTAL SETUP 
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which was loaded with high pressure nitrogen gas. The accumulator has 

a capacity of 7.5 gallons and is rated for 3000 psi. The nitrogen was 

obtained from a commercial welding equipment supplier. The nitrogen 

and carbon dioxide sides of the accumulator are separated by a piston 

with Teflon 0-rlngs for sealing. The accumulator was kept in an ice 

bath so that the carbon dioxide could be stored as a liquid at 800 psi. 

The carbon dioxide used was obtained from the Liquid Carbonic Division 

of General Dynamics and was 99.9 percent pure, with a very low moisture 

content. High pressure hoses were used to charge the nitrogen and car

bon dioxide into the accumulator. 

A Westinghouse Model 30 centrifugal pump was used to circulate 

the carbon dioxide within the loop. The pump was used to provide only 

the flow pressure drop in the loop and the possibility of large pres

sure oscillations was thus minimized. The pump, which is constructed 

of stainless steel, is designed to operate at up to 2000 psi. and is 

rated for 30 GPM at 45 psi. It is provided with a thermal protection 

device which cuts off operation at 120 F. The windings are cooled 

by transformer oil circulated through the pump casing by means of a 

gear pump. The cooling oil was kept clean with the help of a Fram 

Fllcron filter and was cooled In an oil-to-water BCF heat exchanger. 

A cold water line was available for use in the heat exchanger. A 

bypass line was used in the loop because of the large flow capacity of 

the pump. The bypass line flow rate was controlled by means of a gate 

valve. 

Two heat exchangers were provided in the main system. One was 

a once-through heat exchanger which used cold water flow counter current 
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to the carbon dioxide. This was located in the main line. Another 

heat exchanger was located in the bypass line. This consisted of a 

refrigeration loop with the cold refrigerant flowing counter current 

though a stainless steel tube inside the carbon dioxide line. The 

refrigeration unit consisted of a Copeland motor-compressor unit rated 

for 3/4 ton at 0 F and a Sporlan CFE-1-1/2-Z expansion valve. Freon 

12 was used as the refrigerant. The refrigeration unit was added to 

the system to obtain greater cooling capacity. At a later stage, 

liquid nitrogen was blown through the main heat exchanger instead of 

water to obtain greater inlet subcooling. Liquid nitrogen was obtained 

from the Cryogenics Laboratory at M.I.T. in 180-liter containers fitted 

for liquid withdrawal. 

The carbon dioxide was pumped through an orifice plate and via 

the plumbing upstream of the test section through the test section. 

It then returned via the return line, merged with the cold liquid from 

the bypass line,and then flowed to the cooler and back to the pump. 

The orifice plate had a 1/8-inch sharp edged orifice and was located 

between 1-lnch pipe sections. The orifice flange assembly is rated 

for 3000 psi. and has flange pressure taps. The pressure drop across 

the orifice was measured with a 60-inch Merriam differential manometer 

rated for an internal pressure of 2000 psi and mercujry as the manome-

tric fluid. For smaller flow rates, this was later replaced by a bellows 

type of differential pressure gage made by the Barton Instrument Co., 

which reads pressure differences up to 50 inches of water. The orifice 

was calibrated for water, in the same Rejmolds number range as was used 

with carbon dioxide, by direct measurement. The system pressure upstream 
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of the test section was measured with a Heise Bourdon gage, calibrated 

from 0 - 2000 psig. in intervals of 2 psi. The plumbing was arranged 

so that the flow could be either up or down through the vertical test 

section. Hoke ball valves were used for flow control. An exhaust 

valve was located between the test section and the cooler to enable 

the removal of carbon dioxide from the loop. The plumbing enabled 

the test section to be Isolated and removed from the loop without 

evacuating the system. The low pressure cooling water supply was 

brought in through a 1-inch copper line. Jamesbury ball valves were 

used to regulate the cooling water supply. The coolers and piping 

upstresun of the test section were Insulated with fiberglas insulation. 

Electrical power was supplied to the test section by a General 

Electric Motor Generator DC unit rated at 15 KW and 1000 amps. The 

voltage could be varied from 0-24 volts. A calibrated shunt was 

installed to enable current measurement. Power was transmitted to the 

test section through four power cables rated for a total of 1200 amps, 

current capacity. The power cables were connected to the electrodes 

which clamped on the test section at the top and bottom. The top elec

trode was fixed at the beginning, but was later replaced by a "floating" 

electrode attached to a flexible braided copper connector. Each elec

trode consisted of two aluminum parts bolted together to clamp the test 

section or heater between them. A slit cylindrical sleeve was used to 

provide good contact between the electrode and the test section. The 

rest of the plumbing was electrically Insulated from the power supply 

by using couplings at the ends of the test section, which were separated 

by mica sheets. 
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Power for the compressor and the gear pump was taken from an over

head 110-volt AC line. The main pump required a 440-volt, 3-phase supply. 

A switch was provided in the system to ensure that the generator could 

not be switched on when the pump was not on, in order to prevent over

heating of the test section. 

6.3 Description of the Test Sections 

In all, four different test sections were employed in the carbon 

dioxide tests. All were used in a vertical position. The first three 

sections consisted of stainless steel tubes of circular cross section. 

The fourth was used for visual observation and had an annular geometry. 

The first test section used was a 3/8-inch by .065-inch wall tube 

of 304 seamless stainless steel tubing. This test section, with an 

inner diameter of 0.245 inch and a heated length of 60 inches (L/D = 245) 

was used for the bulk of the early experiments. A further unheated length 

of 12 inches (L/D "^ 50) was provided at each end of the section. One-inch 

fittings were provided at the ends of the section and helped to mix the 

exiting fluid. Power was supplied through electrodes 60 inches apart 

between their inner faces. Since DC heating xvas employed, thermocouples 

had to be mounted on the tube wall with thin mica insulators in between. 

No special precautions were taken to insulate the test section thermally, 

except the use of fiberglas insulation around the test section. Two flanges 

were welded on to the ends of the test section. To facilitate removal and 

changing of test sections, the flanges were bolted to the corresponding 

flanges welded on in the system, thus providing metal-to-metal seals. 

The second test section was a 1/8-inch inside diameter tube, used 

to provide a larger L/D ratio. This was a seamless 304 stainless steel 
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tube with a heated length of 60 inches. This section was also instru

mented with thermocouples and insulated with fiberglas insulation. This 

was used in conjunction with large inlet subcooling. 

A test section with a twisted tape inside was also used. A sheared 

strip of Inconel (0.0135-Inch thick) was used to fabricate the twisted 

tape. The strip was twisted by suspending a weight of 80 poimds from 

the end of the strip, the other end of which was held in a clamp at the 

top. The weight was then turned to produce the required tape twist. 

The tape used had a twist of one complete turn in four inside diameters 

of the tube. A layer of Teflon paint was baked onto the tape for insula

tion. A tube of 1/4-lnch inner diameter was used In connection with the 

twisted tape. The clearance between the tape and the tube was of the 

order of two mils. The tape was pulled into place and fitted snugly 

within the tube. The twisted tape covered the entire heated length of 

the tube. The outside of the tube was instrumented with thermocouples 

like the other sections. 

The fourth test section used consisted of an annular section with 

a central heater in the form of a 3/16-lnch stainless steel rod. A high 

pressure manometer was used for this purpose to enable visual observation 

through the glass window. The outside of the test section consisted of 

a rectangular column which was enclosed in stainless steel on three sides 

and had a glass window 60 Inches long on the fourth side. The manometer 

had a pressure capability of 2000 psi. The glass window consists of a 

1/2-lnch thick Hercullte glass plate, held between the stainless steel 

back plate and flanges in the front and sealed with long rubber 0-rings. 
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The Inside channel Is a rectangular volume confined by stainless steel 

on three sides and glass on the fourth. Since the channel was rectangu

lar (1/4-inch wide by 5/16-inch deep), only qtialltative observations 

could be made with this test section. No thermocouples were provided 

on the heater rod In this case. The stainless steel heater was silver 

soldered to copper rods near the end fittings in order to prevent over

heating of the heater in the sections not in contact with the fluid. 

The heater tube passed through two conax fittings at the entrance and 

exit of the manometer tube. The conax fittings were equipped with 

ceramic insulators to prevent contact between the heater and the stain

less steel manometer. A view of this test section and the exit fittings 

is shown in Figure 24. The conax fittings were mounted In mixing cham

bers at the inlet and outlet. These mixing chambers also held conax 

fittings for thermocouples that measured the inlet and outlet tempera

tures in the fluid. Rubber 0-rlngs were used for sealing. An attempt 

had been made previously to use a length of high strength glass tube 

outside a stainless steel tube which served as a heater and was instru

mented with thermocouples. However, the glass tube proved to be incapa

ble of sustaining the pressure and was abandoned. 

6.4 Instrumentation, Measurements, and Capabilities 

Instrumentation was provided to monitor the fluid inlet and outlet 

temperatures and the outside wall temperatures along the length of the 

heated section. All fluid and wall temperatures were measured by means 

of 30-gage, copper-constantan thermocouples from Leeds and Northrup 

duplex wire. Calibration checks were made on two of the thermocouples 

against a mercury thermometer of 1/2-degree accuracy in a water bath. 
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No corrections were found to be necessary. Sixteen thermocouples were 

installed on the tube wall and two in the fluid. Because of DC heating, 

mica insulation was used between the tube wall and the thermocouples, 

which were held against the tube with Scotch Electrical tape. Spot-

welded thermocouples were tried, and an attempt was made to calibrate 

them for the voltage gradient along the tube by reversing the polarity 

of the DC supply. This was not successful due to the large differences 

in the wall temperature that were often present along the wall. The 

thermocouples that measure the inlet and outlet temperatures were directly 

immersed in the fluid at the end fittings. The thermocouples were intro

duced through conax fittings with teflon sealants. 

The cold junctions of the thermocouples were immersed in a common 

ice bath, and the millivolt output was read on a Honeywell Brown 

potentiometer, which incorporates a switching circuit and prints the 

output of sixteen thermocouples in succession. Because of the limitation 

on the number of thermocouples to sixteen, only fourteen of the sixteen 

thermocouples were used at a time. If the region of interest was near 

either the entrance of exit of the test section, one of the extra thermo

couples was used in place of another thermocouple away from the region 

of interest. The wall thermocouples were spaced from 3 to 6 inches apart 

along the heated length of the tube, with the ones in the middle of the 

tube being closer together. The recorder had a range of 0-10 mV. Later, 

the range was altered to -5 to 20 mV, which was useful in reading the low 

inlet temperatures. An accuracy of 2 F can be assumed for the tempera

ture measurements. 
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The system pressure immediately upstream of the test section was 

read on a 10-inch Bourdon gage, calibrated from 0 - 2000 psig. in 

intervals of 2 psi. The gage had a specified accuracy of 1/10 percent 

of full-scale reading. The error in measurement of the inlet pressure 

is thus less than 2 psi. The outlet pressure was not measured, but 

the pressure drop in the test section was calculated to be of the order 

of 1 psi. or less for the larger diameter section and 5 psi. for the 

smaller diameter section. 

The flow rate was measured by noting the pressure drop across a 

previously calibrated orifice in Inches of mercury in a 60-inch differen

tial manometer. Later, this was replaced by a differential pressure 

gage for smaller flow rates. The flow rate can be measured within 2 per

cent. 

The heat input was measured by reading the voltage drop across the 

test section and the current through it. A Simpson voltmeter was used 

to measure the voltage drop (0-25 V, accuracy of 2 percent of full-scale 

reading). The current was measured by measuring the voltage drop across 

a calibrated shunt (50 mV/1000 Amps) in series with the test section. A 

Simpson milli-voltmeter, 0 to 50 mV range (accuracy 1 percent of full-

scale reading) was used for this purpose. Heat loss checks were made 

on the setup,and the heat losses were found to be very small. An accuracy 

of 2 percent can be assumed for the heat flux values. 

Heat balance checks were also run on the loop at a pressure of 

1200 psi and by arranging the flow and heat flux so that the inlet and 

outlet temperatures were not in the critical range. These were better 

than 5 percent. Near the critical region, heat balance checks were poor 
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when either inlet or outlet temperature was close to the pseudocritical 

temperature. Errors as high as 25-30 percent were possible. This is 

because dH/dT is very large in this region, and hence a small error in 

measuring the temperature can throw the enthalpy balance off by a large 

margin. 

The capabilities of the loop in terms of the flow rates heat fluxes 

and inlet temperatures are: 

1. 1/4-inch section 

Maximum flow rate: 2 x 10 lbs/ft -hr 

Maximum heat flux: 120,000 BTU/ft -hr 

Minimum inlet temperature: 34 F 

2. 1/8-inch section 

6 2 
Maximum flow rate: 3.5 x 10 lbs/ft -hr 

2 
Maximum heat flux: 150,000 BTU/ft -hr 

Minimum inlet temperature: 0 F. 

6.5 Experimental Procedure 

When a new test section was installed into the loop or when operating 

after an extended break, precautions were taken to bleed the air in the 

loop. The valve to the carbon dioxide was opened, the pressure on the 

nitrogen side of the accumulator was relieved, and the carbon dioxide 

was allowed to fill the loop and pressurize the accumulator. At the same 

time, air and carbon dioxide were bled through an exhaust valve. The 

air in the pump was bled through a bleed valve provided in the pump. Pre

cautions were also taken to force out any air that might have been trapped 

in the manometer tube. After a reasonable period of time, the bleed valves 

were shut off, and the carbon dioxide allowed to pressurize the system. 
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At this time, the oil heat exchanger, the system heat exchanger, and 

the refrigeration unit were activated, and the oil pump was switched on. 

The system valves were arranged for either upflow or downflow. When 

the pressure was about 600 psig. so that the carbon dioxide was suffi

ciently dense, the main pump was started. After the system had been 

brought to the highest pressure possible using the carbon dioxide bottles 

at room temperature (about 800 psi), the valve to the carbon dioxide 

supply was shut off, and the cylinder was disconnected. The high pres

sure nitrogen cylinder was connected to the nitrogen end of the accumula

tor, and the pressure applied until the desired supercritical pressure 

was reached. The generator was then started, and the heat flux on the 

test section adjusted to the required value. The flow rate was controlled 

with the Hoke valves in the frontpanel. The bypass valve was usually kept 

fully open. In order to reach steady state at a particular flow rate, 

it was necessary to manipulate the system pressure, which Increases as 

the enthalpy of the fluid in the system increases due to heat addition; 

the flow control valves, since changes in the exit state of the fluid 

can change the pressure drop and thus the pump flow rate; and the heat 

exchanger cooling capacity, adjusted with the refrigerant flow valve 

and the cooling water valve. The flow rate cannot be read off directly 

from the pressure drop since it also depends on the density of the fluid 

and, therefore, the temperature of the fluid at the orifice. Due to 

these difficulties, no attempt was made to fix the flow rate accurately 

during the experiments. Once the heat exchangers had been adjusted to 

maintain constant inlet and outlet temperatures, the flow rate was fixed 

approximately. The system pressure at the test section inlet was adjusted 
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by either bleeding off some nitrogen from the accumulator, if the 

pressure was higher than the desired pressure, or increased by using 

some more high pressure nitrogen. 

The experimental procedure consisted in fixing the heat flux 

and the pressure and varying the flow rate from a small value to a 

large value. Steady-state measurements were possible except at the 

highest heat fluxes used, when adequate cooling was not available 

for the larger diameter test section. The measurements made in each 

case were the inlet pressure, the pressure drop across the orifice, 

the voltage drop across the test section, and the millivolt drop 

across the shunt, and the temperatures along the wall and the bulk 

temperature at inlet and outlet, which were recorded on the recorder 

chart. 

Data were taken under the following set of conditions: Two pres

sures were used, 1100 and 1150 psia, and data were taken in upflow and 

downflow. The inlet temperature was varied from 0 F to supercritical. 

With the visual section no data were taken; only qualitative observations 

were made. 

6.6 Data Reduction Procedures 

Fortran 4 computer programs were written to reduce the data and 

present it in useful form. The IBM 1130 in the Mechanical Engineering 

Department at M.I.T. and the IBM 360 at the M.I.T. Computation Center 

were used for this purpose. Figure 25 shows a sample printout. The 

heat flux and the flow rate are based on the inner diameter of the tube. 

The outer wall temperatures are corrected to give the inner wall tem

peratures, assuming that the outer wall is completely insulated, and 
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RESSURE 
I I O U . O 

Q 
1 3 6 7 2 8 . 0 0 0 0 

G 
3 2 6 1 2 2 7 . 0 0 

T I N 
1 . 0 

TOUT 
8 9 . 0 

TCAL 
9 0 . 0 

T8 
1 6 . 2 
2 9 . 7 
3 7 . 2 
4 2 . 7 
4 3 . 2 
5 3 . 5 
5 8 . 7 
6 3 . 6 
6 7 . 0 
7 0 . 3 
7 3 . 8 
7 7 . 3 
8 1 . 3 
8 6 . 5 

THALL 
1 3 9 . 8 
1 6 4 . 8 
1 8 5 . 8 
1 8 9 . 8 
1 9 7 . 8 
2 0 5 . 8 
2 1 0 . 8 
2 1 6 . 8 
2 2 0 . 8 

^ 4 . 6 ' 
2 0 9 . 8 
1 8 9 . 8 
1 9 1 . 8 
1 9 1 . 8 

H 
1 1 0 6 . 0 
1 0 1 2 . 0 

9 1 9 . 9 
9 2 9 . 5 
9 1 3 . 8 
89 7 . 6 
8 9 8 . 8 
8 9 2 . 4 
8 8 9 . 3 
9 4 6 . 7 

1 0 0 5 . 2 
1 2 1 5 . 5 
1 2 3 7 . 5 
1 2 9 3 . 8 

ENTH 
2 5 . 9 
3 2 . 2 
3 6 . 5 
3 9 . 7 
4 2 . 8 
4 6 . 0 
4 9 . 2 
5 2 . 4 
5 5 . 5 

•wrr 61.9 
t.5.1 
69.3 
76.7 

RATIO 
1.46 
1.73 
2 .01 
2.06 
2.17 
2.29 
2.39 
2 .50 
2.61 
2.56 
2.52 
2.19 
2 .30 
2.70 

u 

PRESSURE 
1 1 0 0 . 0 

Q 
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2 4 d 6 0 8 8 . 00 

T I N 
1 3 . 0 

TOUT 
9 9 . 0 

TCAL 
1 0 1 . 5 

TB 
3 6 . 7 
5 4 . 3 
6 4 . 7 
7 0 . 0 
7 5 . 7 
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8 4 . 4 
8 7 . 7 
8 9 . 1 
8 9 . 4 
8 9 . 7 
9 0 . 1 
9 0 . 8 
9 3 . 7 

THALL 
1 5 4 . 8 
2 0 3 . 8 
2 1 2 . 8 
2 2 4 . 8 
2 3 2 . 8 
2 2 2 . 6 
2 1 7 . 8 
2 0 1 . 8 
1 9 1 . 8 
2 0 1 . 8 
2 0 8 . 8 
2 2 4 . 8 
2 4 9 . 8 
2 5 3 . 8 

H 
1 1 5 8 . 1 

9 1 4 . 5 
9 2 3 . 5 
8 8 3 . 3 
8 7 0 . 5 
9 6 3 . 0 

1 0 2 5 . 4 
1 1 9 8 . 2 
1 3 3 2 . 0 
1 2 1 7 . 0 
1 1 4 8 . 5 
1 0 1 5 . 0 

8 6 0 . 2 
8 5 4 . 2 

ENTH 
3 6 . 2 
4 6 . 5 
5 3 . 4 
5 8 . 5 
6 3 . 6 

7 3 . 9 
7 9 . 0 
3 4 . 2 
8 9 . 3 
9 4 . 5 
9 9 . 6 

1 0 6 . 4 
1 1 8 . 4 

RATIO 
1 . 2 8 
1 . 8 2 
1 . 9 7 
2 . 2 0 
2.40 U 
2 . 3 5 
2 . 4 8 
2 . 6 1 
2 . 7 7 
2 . 9 8 
3 . 0 9 
3 . 4 0 
3 . 5 8 
2 . 9 9 

PRESSURb 
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Q 
1 3 6 7 2 8 . 0 0 0 0 

6 
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T I N 
4 1 . 0 

TOUT 
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TCAL 
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TB 
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3 6 . 6 
8 9 . 1 
3 9 . 5 
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9 0 . 5 
9 1 . 4 
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1 2 6 . 8 
1 6 2 . 7 

TMALL 
3 3 9 . 8 
3 4 6 . 8 . 

2 7 4 . 8 
2 5 7 . 8 
2 3 2 . 8 
2 4 4 . 8 
2 5 7 . 8 
2 7 7 . 8 
292' . 8 
3 0 9 . 8 
3 2 1 . 8 
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H 
4 9 9 . 2 
5 1 2 . 4 
6 8 6 . 4 
7 3 6 . 3 
8 1 2 . 4 
9 5 6 . 8 
8 8 6 . 4 
8 2 1 . 9 
7 4 0 . 4 
6 9 7 . 0 
6 5 8 . 8 
6 4 7 . 0 
5 8 4 . 2 
5 6 9 . 5 

ENTH 
5 4 . 4 
6 7 . 8 
7 6 . 8 
8 3 . 6 
9 0 . 3 
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1 1 7 . 2 
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1 3 7 . 4 
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RATIO 
3 . 0 5 
3 . 5 9 
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3 . 6 7 
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2 . 9 4 
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2 . 6 5 
2 . 3 7 
2 . 0 2 
1 . 9 8 

1 . 8 5 

u 

FIG 25 : D A T A P R I N T - O U T 
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there is only radial variation in temperature. TCAL represents the 

outlet bulk temperature calculated by a heat balance. Comparison 

between TCAL and TOUT, the measured outlet temperature, shows the 

effectiveness of the heat balance check. Unfortunately, in the smaller 

L/D section, in a large number of experiments, the outlet temperature 

was close to the critical temperature, and the heat balance checks were 

relatively poor. Much better checks were obtained with the smaller 

diameter test section. The bulk temperature TB and the bulk enthalpy 

ENTH are calculated assuming a linear increase in the bulk enthalpy 

between the inlet and the outlet. Local and average values of the 

important parameters were determined but are not shown in Figure 25. 

These include the bulk Reynolds and Prandtl numbers and the Nusselt 

ntmiber based on the MacAdams correlation and the bulk properties. H 

represents the local heat transfer coefficient obtained as the ratio 

of the heat flux on the inner diameter to the temperature drop between 

the wall and bulk temperatures at the cross section. RATIO is the 

ratio of the MacAdams heat transfer coefficient to the experimental 

heat transfer coefficient and serves as an indicator for the amount 

of deterioration in the heat transfer. 

Slight changes were required to adapt the program to the different 

test sections. For the test section with the twisted tape, the mass 

velocity was calculated for the net area of the cross section. Lopina (57) 

has suggested a modified mass velocity aG instead of G to calculate the 

Reynolds number used to calculate the Nusselt number, a respresents a 

factor that gives the increase in velocity due to the tangential component 

of velocity. However, in order to compare the heat transfer coefficient 
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against the same reference as used in the other experiments, the mass 

velocity itself is used in the calculation of the Nusselt number. 
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7. EXPERIMENTAL RESULTS FOR CARBON DIOXIDE 

7.1 Introduction 

The results from the carbon dioxide experiments were obtained 

in the form of wall temperature profiles versus the length along the 

test section and, therefore, versus bulk enthalpy. As mentioned 

earlier, the data were reduced with the help of a computer to obtain 

the bulk temperatures and bulk enthalpy at the cross sections where 

thermocouples were located. The local heat transfer coefficient and 

the bulk Nusselt number were also calculated. The results from the 

1/4-inch section, 1/8-inch section, and the swirl section are presented 

In that order In this section, and the effects of various system parame

ters on the heat transfer characteristics are also discussed. A com

parison with computed results and with those of other investigators is 

also made in this section. 

7.2 Results Obtained with 1/4-Inch Test Section 

The 1/4-inch ID (0.245-inch) test section was the first one used. 

Because of the limitations of the water heat exchanger, inlet tempera

tures below 35 F could not be used in conjunction with this test sec

tion. A difficulty also encountered with this setup was that because 

of the L/D ratio of 245, the exit temperature was often in the critical 

region, for the runs with larger subcoollng. This Is Inconvenient for 

two reasons: 

a. The heat balance checks are relatively poor. 

b. Though the region where the temperature peaks occurred was well 

covered in this series of experiments, the complete S-shaped wall 
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temperature profile could not be obtained over the length of the 

tube. Piecing of wall temperature profiles with different inlet 

enthalpies was not successful due to entrance effects. 

Experimental Range Covered with 1/4-Inch Section 

Orientation of Flow: Up and down 

Pressure: 1100, 1150 psi. 

2 
Mass Velocities: 640,000-2,000,000 lbs/ft -hr 

Reynolds Number: 267,000-835,000 
(based on the lower viscosity) 

Inlet Temperature: 35 F and above 

7.2.1 Results in Upflow -1100 psi. 

Figure 26 shows some representative wall temperature versus bulk 

2 
enthalpy curves for a heat flux of 50,000 BTU/ft -hr. It is seen that 

while no deterioration in heat transfer exists for a mass velocity of 

h 2 
2 x 10 lbs/ft -hr, the temperature profile shows a peak as the mass 

6 2 

velocity is decreased. For a mass velocity of 10 lbs/ft -hr, a tem

perature maximum is evident, and it progressively gets higher as the 

mass velocity is reduced further. It should be noted that the first 

wall temperature data point is at least twenty-five diameters from the 

start of the heated section so that entrance effects in the conventional 

sense are not large. The deterioration in heat transfer is seen to 

occur at a value of the bulk enthalpy that is substantially smaller 

than the critical enthalpy, the amount depending on the heat flux and 

the flow rate. It is therefore necessary for the inlet bulk tempera

ture to be much lower than the critical temperature in order to observe 

the deterioration. It is thought that the chief reason this phenomenon 
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has not been observed by earlier investigators is that they did not 

use low enough inlet temperature. For example, the results of Koppel 

and Smith (27), using an inlet temperature of 70 F, appear to show 

the tail end of a temperature peak. 

The deterioration is found to be worse for a higher ratio of the 

heat flux to the mass velocity, and it occurs at a smaller value of 

the bulk enthalpy. In Figure 26 the heat transfer coefficient is seen 

to fall by a factor of about seven before it increases in the vicinity 

of the critical region. It has been suggested by some investigators 

(9, 12) that the deterioration does not occur above a certain flow rate. 

No evidence of any such critical mass velocity was found in the experi

ments. If the heat flux was raised to a sufficiently high value, the 

deterioration could be observed. At some of the highest heat fluxes 

used, enough subcooling was not available for steady-state results, 

and the accuracy and reproducibility of the temperature profiles can

not be assured. However, there was no doubt that very high tempera

tures, which were much higher than predicted by the usual correlations, 

were obtained at the highest mass velocities used. 

By varying the inlet temperature slightly, the temperature peak 

could be made to move over the length of the tube. This confirms that 

the high temperatures obtained are due to the internal fluid mechanics 

in the flow and are not due to any local peculiarity in the metal tube. 

The effects of inlet enthalpy on the temperature peak are discussed in 

a later section. 

Initially, lateral vibration was present in the test section, and 

the temperature peaks in the middle of the tube where the vibration 
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amplltude was the maximum were found to be much lower than near the 

ends of the test section. The situation was remedied by using one 

"floating" electrode. 

Since this investigation was geared to examining the deteriora

tion in heat transfer at high heat fluxes, the region of large mass 

velocities and small heat fluxes was not investigated experimentally 

on a systematic basis, but in some of the experiments, a large heat 

transfer coefficient was encountered under those conditions. 

7.2.2 Results of 1150 psi.- Upflow 

The experiments at 1150 psi showed a similar behaviour in the 

wall temperature profiles. Hot spots or temperature peaks were observed 

as the ratio of the heat flux to flow rate was increased. The deteriora

tion in heat transfer was, however, noticeably smaller than at 1100 psi. 

under similar conditions of heat flux and flow rate. Figure 27 shows 

some representative wall temperature profiles at 1150 psi.,and a tempera

ture profile at 1100 psi. is also shown for comparison. At 1150 psi., 

it was generally found that the temperature peaks were lower and not as 

sharp as at 1100 psi. In general, it appears that the deterioration is 

the worst at the critical pressure and is not as large away from the 

critical pressure. This is to be expected because the variation in proper

ties is less rapid away from the critical pressure. 

7.2.3 Results in Downflow 

Experiments performed with carbon dioxide flowing down through the 

test section have shown similar results. A sharp peak in the wall tem

perature occurs for large values of the heat flux. In some recent work. 
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Hall (20) has reported seeing sharp peaks in upflow and one in down-

flow under Identical conditions of heat flux and mass flow rate. His 

results are not necessarily contradictory to those observed in the 

present work because of his use of lower mass velocities and a 0.75-inch 

inner diameter test section. 

Typical deteriorated heat transfer results in downflow are shown 

in Figure 28. Again, the inlet effects were found to be important. 

Comparison with upflow results show that, if anything, the temperature 

peak is somewhat sharper and higher than in upflow under similar condi

tions. No evidence of anything radically different was seen at the 

2 
lowest mass velocities used (640,000 lbs/ft -hr). 

7.2.4 Comparison of Experimental Wall Temperature Profiles with Theory 

The analysis used for steam in Section 5 can be easily extended 

to carbon dioxide with the only alteration being the use of the proper

ties of carbon dioxide at 1100 psi. instead of those of steam. Similar 

GD vs. bulk enthalpy plots were developed for the heat flux under con

sideration and cross plots made for the desired values of the mass flow 

rate. Figure 29 shows a comparison between experimental and calculated 

wall temperature profiles for carbon dioxide at 1100 psi. The experi

mental results are for upflow, while the calculations neglect the effect 

of gravity terms. The results compare in a manner similar to those for 

steam. The prediction of the hot spot is somewhat low at the inception 

of the experimental peak but high at higher heat fluxes. Again, the 

prediction does not do a good job in the post peak region. Due to sensi

tiveness of the deterioration to upstream effects,such as the entrance 

effects and swirl, with the restrictions of a 240 L/D test section, the 
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experimental profile might be expected to be on the low side as compared 

to a long test section. The comparison with theory based on "fully 

developed" flow assumptions is surprisingly good. It should be mentioned 

that the experimental curves chosen for comparison were obtained from 

runs with adequate inlet subcooling. The data from runs without suffi

cient inlet subcooling are not as predictable, due to a dominance of 

inlet effects. 

7.2.5 Presentation of Heat Transfer Results 

The presentation of the heat transfer results is oriented towards 

showing the lowest heat transfer coefficient in each run as a function 

of the Reynolds number and the heat flux. No attempt has been made to 

correlate the local heat transfer coefficient to the local Reynolds and 

Prandtl numbers, since it was felt that existing correlations are ade

quate as long as one stays away from the deteriorated heat flux region. 

Figure 30 shows the results of the runs at 1100 psi. in upflow. 

The ratio of the experimental Nusselt number to that calculated with a 

conventional MacAdams type correlation with bulk properties is plotted 

against the Reynolds number for different heat fluxes. The Reynolds 

number is calculated with the value of the viscosity at the wall tem

perature. Each data point represents the worst heat transfer coeffi

cient or the smallest value of the parameter Nu/Nu^ for a particular 

run. The MacAdams Nusselt number is calculated at the local bulk proper

ties. The positive slope of the constant heat flux lines indicates that 

the deterioration in heat transfer, represented here by the inverse of 

the ordinate, gets greater as the flow rate decreases and vice versa. 

Increasing the heat flux moves the line to the right, indicating that 
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the same degree of deterioration takes place with a larger flow rate 

or Reynolds number. The heat flux lines diverge at higher values of 

the Reynolds number. This means that at low Reynolds numbers, a small 

change in the Reynolds number will compensate for change in heat flux 

and prevent further deterioration, while at higher Reynolds numbers, 

a much larger change in Reynolds number is required to compensate for 

a comparable Increase in heat flux. 

This plot can be used to estimate the highest wall temperature 

for a particular set of operating conditions, a parameter of interest 

to the designer. 

7.2.6 Safe vs. Unsafe Plots 

The data in Figure 30 can be cross plotted in the form of heat 

flux vs. mass velocity corresponding to a certain constant Nu/Nu^ 

ratio. Such a plot might be termed a safe vs. unsafe plot in terms 

of the mass velocity and the "allowable" heat flux, where the allowa

ble heat flux is such that the ratio of Nu/Nu„ is not less than the 
Mac 

prescribed value. The safe vs. unsafe plot for steam was defined 

similarly for a Nu/Nû ^ ratio of 0.5. If the same criterion is used 

again, corresponding safe vs. unsafe plots can be drawn for carbon 

dioxide. 

Figure 31 is the safe vs. unsafe plot for carbon dioxide at 1100 

psi. in upflow. A fairly clear demarcation can be made on this basis 

between the safe and unsafe regions. The region above the curve in 

Figure 31 is unsafe, and the region below it, safe. 

Figure 32 is the corresponding plot for carbon dioxide at 1150 psi. 

in upflow. The limits of "safe operation" are extended in this case to 
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a higher heat flux for a particular flow rate, as can be seen by compari

son with the limit for 1100 psi. 

A similar plot was also made for downflow. This is shown In Figure 33. 

A comparison is also made with the corresponding upflow plot. The two 

curves have a different slope with an Intersection near the low velocity 

end. It appears that at low mass velocities, deterioration occurs in 

the heat transfer rate at higher heat fluxes in downflow than in upflow, 

but that the situation reverses at higher mass flow rates. However, at 

the high mass velocity end it seems unlikely that there should be much 

difference between up and down flow. Probably the reason for the dis

crepancy is that at the highest heat fluxes used in upflow, adequate 

inlet subcooling was not available, with the result that some of the 

data at the high end may be in error to the extent that some temperature 

peaks were suppressed. The two lines in Figures 31 and 33 show a region 

which separates the safe and unsafe regions. Since this region is fairly 

narrow, it has been replaced by a central line in the subsequent plots. 

A comparison of these plots with the computed plots will be made in 

a later section. 

^•^ Results Obtained with the 1/8-Inch I.D. Test Section 

The 1/8-inch test section was used to replace the 1/4-inch section 

because of a need for an increased L/D ratio, with the existing setup. 

With the larger L/D ratio, it was possible to use even greater subcooling 

and still obtain exit bulk temperatures well above the pseudocritical 

temperature. This increased the reproducibility of the results due to 

a decrease in the importance of entrance effects and also enabled the 

observation of the entire S-shaped wall temperature profile in the 
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pre- and post-critical enthalpy regions. Good heat balance checks 

were also obtained with this test section. Liquid nitrogen, obtained 

from the Cryogenics Laboratory at M.I.T., was used to replace the water 

heat exchanger in the system. The nitrogen was blown counter current 

to the flow of carbon dioxide. Carbon dioxide bulk temperatures as 

low as 0 F were obtained in this way. 

The small dleuneter test section with a relatively thick wall does 

have the disadvantage that axial conduction along the metal tube wall 

is increased. Due to this, the temperature peaks were generally not 

quite as sharp as with the larger test section, especially at high heat 

flux to mass velocity ratios. However, the results did not prove to be 

significantly different In character from those of the larger tube and 

were particularly useful in regions where the deterioration was not too 

great. 

Experimental Range Covered with 1/8-Inch Section 

Orientation of Flow: Up and down 

Pressure: 1100 psi. 

Mass Velocities: 1,200,000-3,000,000 Ibs/ft^-hr 

Heat Fluxes: 50,000-144,000 BTU/ft^-hr 

Reynolds Numbers: 250,000-600,000 
(based on lower viscosity) 

Inlet Temperature: 0 F and above 

7.3.1 Upflow Results 

Figure 34 shows some of the results obtained with the 1/8-lnch test 

section. The first wall temperature measuring thermocouple was located 

at a distance of 50 diameters from the beginning of the heated section. 
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2 
For a heat flux of 94000 BTU/ft -hr, a temperature peak begins to form 

6 2 
when the mass velocity is 1.91 x 10 lbs/ft -hr. When the velocity is 

decreased further, the peak becomes more prominent. For a mass velocity 

of 1.34 X 10 lbs/ft -hr, the wall temperature is as high as 340 F, 

more than 160 F higher than in the critical region. The heat transfer 

coefficient is also shown in the figure for the largest and smallest 

mass velocities. This is smaller by a factor of three in the deterio

rated region as compared to the critical enthalpy region. The tempera

ture peaks were mostly found in the bulk enthalpy range of 60-70 BTU/lb., 

with the majority in the region of 65 BTU/lb, corresponding to a bulk 

temperature of about 75 F. Beyond the temperature peak, the heat trans

fer improves in the critical enthalpy region. The minimum in the wall 

temperature corresponds to the maximum heat transfer coefflcent which is 

usually located in the bulk enthalpy range from 90 to 110 BTU/lb. Beyond 

this point the wall temperature increases monotonically as the fluid is 

almost entirely beyond the critical region. 

7.3.2 Comparison with Theory 

Wall temperature profiles were calculated in the same way as for 

the larger diameter test section. Figure 35 shows a GD vs. bulk enthalpy 

plot for carbon dioxide at 1100 psi. and for QD = 1475 BTU/ft-hr , 

analogous to Figures 6-9 for steam. This corresponds to a heat flux of 

2 

144,000 BTU/ft -hr for the 1/8-inch section. The wall temperature pro

file for a particular flow rate is cross plotted from this plot in the 

usual manner. Figure 36 shows a comparison between the computed and 

2 
experimental curves for a heat flux of 144,000 BTU/ft -hr. The computed 

peaks in temperature occur at a larger value of the bulk enthalpy, but 
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the general features of the peaks and the peak temperatures are pre

dicted very well. The possible reasons for the better agreement between 

theory and experiment in this case than for the larger section are that 

inlet effects have been minimized, and the large velocities and small 

diameter both considerably reduce any possible free convection effects. 

7.3.3 Experimental Downflow Results 

Figure 37 shows some typical wall temperature profiles taken in 

downflow with the 1/8-inch test section. The S-shaped temperature pro

file is again evident, with the temperature peak getting higher and 

sharper as the mass velocity is lowered progressively from 2.5 x 10 to 

1.86 X 10^ Ib/ft^-hr for the heat flux of 144,000 BTU/ft^-hr. The dotted 

lines show the wall temperature profiles in upflow. As should be expected 

at the mass velocities used, there is very little difference between the 

upflow and downflow results. The amount and nature of the deterioration 

in heat transfer is similar and takes place in the same enthalpy region 

as does the subsequent improvement in heat transfer. 

7.3.4 Safe vs. Unsafe Plot 

With the same definition for an unsafe run as before, i.e., 

Nu/Nu„ < 0.5 
Mac 

where Uxi = 0.023 (Re)"*^ (Pr)°''̂  
l̂ac 

with Re, Pr based on the bulk properties, 

and Nu = hD/k , 

a safe vs. unsafe plot was constructed for the 1/8-lnch section. This 

isdiown in Figure 38. A similar plot for downflow was not drawn due to 

a lack of sufficient experimental data, but the similarity of the wall 
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temperature profiles In upflow and downflow Indicates that this would 

very closely follow the upflow plot. Figure 38 shows that the safe 

vs. unsafe plot for the 1/8-lnch test section has a relatively small 

slope when compared with Figure 31. A more detailed comparison with 

the 1/4-inch test section plot Is made in the next section. 

7.4 Comparison between Experimental and Theoretical Safe vs. Unsafe Plots 

A theoretical safe vs. unsafe plot was computed for carbon dioxide 

In the same way as for steam. GD vs. bulk enthalpy plots were calculated 

for several heat fluxes along with the Nu/Nu^ ratios along the differ

ent curves. The largest flow rate for which this ratio fell below 0.5 

in the enthalpy region of interest was then designated the critical flow 

rate for the heat flux In question. These corresponding pairs of GD and 

QD were then plotted on the safe vs. unsafe curve. Figure 39 shows a 

comparison between the computed curve, the experimental curves for upflow 

and downflow for the 1/4-inch test section, and the experimental curve 

for the 1/8-lnch section. 

A comparison shows that the computed curve is conservative with 

respect to all the experimental curves. The 1/8-lnch test section plot 

is the closest to the computed curve, as expected, because the external 

factors such as inlet effects and free convection, which are not included 

in the theory, are held to a minimum. The downflow plot for the 1/4-inch 

tube has a slope similar to the computed curve than the upflow curve. The 

disparity between the computed curve and the 1/4-inch section curves at 

high mass velocities and heat fluxes is due to some extent to the lack of 

sufficient inlet subcoollng. At the low end, the difference in the upflow 
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and downflow curves is partly due to the effects of free convection 

which are beginning to be noticeable. 

^•^ Results Obtained with Swirl Test Section 

Since upstream effects that tend to disrupt the boundary layer 

near the wall have been seen to reduce the deterioration in heat trans

fer to supercritical pressure carbon dioxide, it was expected that 

swirl induced within the test section would greatly improve the heat 

transfer. For this purpose, a snug fitting twisted tape of Inconel was 

used inside the 1/4-inch test section to generate swirl. The twist used 

was one turn of 360 in four diameters. Tests were performed In both up 

and down flow at 1100 psi. The tape induces centrifugal forces in the 

fluid and helps to replace the light fluid near the wall with the cooler 

and heavier fluid in the core of the flow. 

7.5.1 Improvement in Heat Transfer and Wall Temperature Profiles 

As expected, the heat transfer rates were significantly improved 

by the introduction of the twisted tape. However, the deterioration in 

heat transfer was not completely eliminated. It occurred to some extent 

at higher heat fluxes in both upflow and downflow. 

Figure 40 shows some wall temperature profiles with this test sec-

2 
tion for a heat flux of 46,500 BTU/ft -hr. As the mass flow rate is 

reduced, deterioration is seen to occur at a mass velocity of 840,000 

2 
lbs/ft -hr. For comparison, a wall temperature profile for a mass flow 

6 2 

rate of 10 lbs/ft -hr, and the same heat flux in a 1/4-inch tube with

out swirl is included. This is shown by the dotted line in the figure. 

It is seen that for an equivalent mass velocity, the swirl completely 

eliminates the peak in wall temperature. 
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An examination of the wall temperature profiles in swirl flow 

reveals the following features as compared to flow without swirl: 

1. The peaks in wall temperature, when they do occur, occur at a 

much larger value of the heat flux for a similar mass velocity. 

2. These peaks are not sharp but spread out over a large bulk enthalpy 

range. 

3. There is also noticeable improvement in the post peak enthalpy 

region, where the bulk enthalpy is close to and above the critical 

enthalpy. 

4. In many runs for large heat flux to mass velocity ratios, the 

deterioration appeared in the form of a monotonic decrease in the 

wall temperature, with the highest temperature at the entrance, 

rather than as a sharp temperature peak. This may be due to the 

peak shifting to the entrance region at the beginning of the 

twisted tape. 

Lopina (57) has suggested a method of correlating the heat trans

fer in swirl flow. The essential feature of this method consists in 

relating the improvement in heat transfer due to swirl to the centrifu

gal convection effect. Thus for fluids without strong variations in 

properties, the overall local Nusselt number is related to the flow 

conditions by the relation: 

hD, n R n A ^^h K /̂̂  
- ^ = F{.023(aRej^)"-^ Pr"'^ + 0.193[(-^) (^)3AT^Pr] }. (7.1) 

Here, h =» local heat transfer coefficient 

D, = hydraulic diameter :4x(Flow Area)/(Wetted Perimeter) 

Dĵ /D̂  = (1-4 6 /TTD̂ )/(l+2/7r (1 - 6 /D^)) 
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where 6̂  = thickness of tape 

D. = inner diameter of tube 

F = a factor used to account for the fin effect of the tape 

a = ratio of resultant velocity to the axial velocity 

1 ,, 1 ^ 2.\ll 
= 2^ (̂y + TT ) ' 

y = tape twist, in terms of inside diameters /180 of tape twist 

Re, = Reynolds number based on hydraulic diameter 

_ h 
V 

Pr = Prandtl number = C y/k 
P 

3 = volumetric coefficient of thermal expansion 

AT^ = difference of wall and bulk temperatures. 

This correlation represents the linear addition of the Nusselt 

numbers in forced convection and free convection where the accelera

tion due to gravity, occurring in the Grashof number is replaced by 

the centrifugal acceleration. The Nusselt number for forced convec

tion is obtained from the MacAdams' correlation, corrected to include 

the effects of the hydraulic diameter and a modified velocity, which 

is the resultant of the axial and tangential components. The correla

tion used for the "centrifugal" convection is that recommended by 

Fishenden and Saunders (57) for heat transfer with turbulent convec

tion from a vertical plate;i.e., 

Nu = 0.114 (Gr.Pr)-"-̂ .̂ 

Here, the Grashof number Gr has been defined as 

4 94 2 \ 

y 1 
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where the acceleration due to gravity g has been replaced by the centrifu

gal acceleration a given by 

, V IT 2 
1 / a V 

This correlation was found to give very good results in the case of swirl 

flows in air and low pressure water. It is not expected that a linear addi

tion of Nusselt numbers will yield good results over a large range of 

operating conditions in supercritical carbon dioxide where the properties 

vary by large amounts, depending on the temperature. A difficulty also 

arises in the choice of the reference temperature to calculate the proper

ties used in the Grashof and Prandtl numbers. However, an attempt was 

made to predict the heat transfer in swirl flow along these lines, since 

it appears to be the most direct method of approach. This yields approxi

mate estimates of the improvement in the heat transfer coefficient. For 

this purpose, Lopina's equation (7.1) was modified to the form: 

h__D, Re. 2 D. . % ^w ^^^ 

w -̂  i "̂b w 

where h_„ = forced convection heat transfer coefficient calculated by 
FC 

the analytical methods previously described; 

C = constant to be evaluated empirically; 

Ap i" difference in the densities at the bulk and wall temperatures 

C = average value of the specific heat, given by the ratio of 
av 

the drop in enthalpy between wall and bulk temperatures 

divided by the difference of the wall and bulk temperatures. 
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A procedure of this type necessitates iteration as the wall tem

perature is not known to start off with. For this purpose, a wall 

temperature is assumed, and the viscosity, density, and conductivity 

and enthalpy at this temperature are found. The terms on the right-

hand side of equation (7.2) are then evaluated, h is calculated 

from the GD versus bulk enthalpy plot for the particular heat flux, 

and the term in the parenthesis is evaluated. This gives a first 

estimate of the heat transfer coefficient which is used to calculate 

the wall temperature. If this does not agree with the initial assump

tion for the wall temperature, the process is repeated until good agree

ment is obtained between successive trials. This procedure was not alto

gether successful in that different values of the constant C were required 

under different conditions of heat flux and flow rate. At very low heat 

fluxes the value of 0.193 suggested by Lopina was satisfactory. However, 

the best value to correlate the heat transfer at the incipience of 

deterioration in the heat transfer was found to be 0.115. It is sug

gested that this value be used as a first estimate to obtain an idea 

of the heat transfer coefficient in the presence of swirl. Figure 41 

shows the correlation between the experimental and predicted values of 

the heat transfer coefficient in the range of bulk enthalpy correspond

ing to the deteriorated region (60-70 BTU/lb.), based on equation (7.2) 

with C = 0.115. The data points correspond to three heat fluxes (46,000, 

2 
72,000, and 118,000 BTU/ft -hr) and represent conditions ranging from no 

deterioration,for which the predicted heat transfer coefficient is low, 

to severe deterioration, for which the predicted heat transfer coefficient 

is on the high side. 
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7.5.2 Safe versus Unsafe Plot £or Swirl Flow 

A safe vs. unsafe plot based on a similar criterion as for forced 

convection serves to show the extent of improvement in heat transfer 

obtained by using the swirl generating tape. As before, the definition 

of an unsafe heat flux is that Nu/Nu^ < 0.5. The Nusselt number and 

the Reynolds number in this case are based on the hydraulic diameter of 

the tube rather than its inside diameter. Figure 42 shows the safe vs. 

unsafe plot obtained experimentally for the swirl test section. A com

parison with the corresponding curve for the 1/4-lnch test section with

out swirl shows that the allowable heat flux is increased by a factor 

of two. With more tightly twisted tape, the improvement would be expected 

to be even greater. 

In a number of practical applications, the steam tubes are heated 

over a small portion of the circumference and not along the whole periphery. 

In this event, swir] would be of much greater use as a means of replacing 

the fluid near the heated portion of the wall by the cooler fluid away 

from it, and a correspondingly larger improvement would be expected in 

the heat transfer rate. The introduction of a swirl tape would mean an 

Increased pressure drop within the section, but twisted tape would be 

required only in a small enthalpy range along the heated length, and the 

overall pressure drop would not be Increased by a large factor for a long 

boiler tube. 

7.6 Visual Test Section 

A visual test section was used to examine qualitatively the flow of 

carbon dioxide at high subcritlcal and supercritical pressures. In order 
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to make use of readily available equipment, an annular test section was 

used consisting of a central stainless steel heater inside a high pres

sure manometer. Only reflected lighting could be used which precluded 

taking meaningful photographs. 

The flow at supercritical pressures appeared at first sight very 

much like boiling at high subcritical pressures. At low heat fluxes, 

small amounts of "vapor" coming off the heater could be distinguished. 

This appeared to come off in wisps rather than as bubbles. The amount 

of "vapor" slowly increased along the length of the heated section. As 

the critical enthalpy was reached, the fluid was practically filled with 

"vapor" and became opaque so that the heater inside could not be seen. 

At higher heat fluxes, no significant differences were observed. 

No temperature measurements were made along the heater wall. However, 

under conditions of heat flux, mass velocity, and inlet temperature for 

which there was a pronounced deterioration In heat transfer for the previ

ous test section, the only difference visible in the flow pattern was that 

the rate of "vapor" production increased fairly sharply in a small part of 

the heated length. Calculations based on the inlet and outlet temperatures 

and the heat flux and mass flow rate showed that this was the enthalpy 

region where the deterioration occurred in the other test section. 

No significant differences were observed in downflow. This is not 

surprising because of the small hydraulic diameter of the test section 

used (.119 inch). 

7.7 Discussion of Results 

The results on the carbon dioxide loop establish that deterioration 

in heat transfer can occur in carbon dioxide as in other fluids like water. 
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hydrogen, etc., in the critical region. The temperature peaks are 

fairly sharp and occur in a region where the bulk enthalpy is below 

the critical enthalpy and the wall temperature above the pseudocriti-

cal temperature. The bulk enthalpy region where the peaks occur was 

found to be relatively small, generally between 60 and 70 BTU/lb 

corresponding to bulk temperatures between 70 and 80 F for carbon 

dioxide at 1100 psi. These temperature peaks were found in both up 

and down flow under the conditions of operation. 

The effects of the various experimental parameters on the nature 

and amount of deterioration will now be discussed. 

^' The Heat Flux and Flow Rate 

The ratio of heat flux to flow rate has to be sufficiently high 

in order to get a deterioration in heat transfer. As seen from 

the wall temperature curves in Figure 26 or 34, the higher this 

ratio, the greater is the deterioration. Generally, the wall 

temperature peaks occur at a smaller value of the bulk enthalpy 

as the ratio is increased. 

2. Inlet Enthalpy 

The amount of deterioration is strongly influenced by the inlet 

enthalpy, especially if the inlet enthalpy is not appreciably less 

than the enthalpy at which the deterioration occurs. The greatest 

deterioration occurs when the inlet enthalpy is low. Figure 43 

shows the effect of inlet temperature on the wall temperature pro

file. As seen from the figure, the wall temperature may be 

reduced substantially when the inlet temperature is increased 

from 52 to 80 F. When the fluid enters above a certain enthalpy. 
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the deterioration in heat transfer is very small even though the 

inlet enthalpy is below the critical enthalpy. This is tied in 

with the entrance effect which has considerable influence when the 

critical temperature is in the fluid film next to the wall in the 

entrance region. This effect would presumably be of little import

ance when the wall temperature in the entrance region is below the 

pseudocritical temperature. 

Upstream Conditions 

Swirl, vibration, or flow instabilities tend to reduce the amount 

of deterioration. The effects of tape generated swirl have shown 

that the allowable heat flux can be substantially raised (Figure 42). 

Swirl inherent in the flow due to upstream disturbances can also 

reduce the deterioration. Tills is because of the tendency of such 

disturbances to disrupt the low density boundary layer and replace 

it by the fluid from the central flow. The effects of lateral vibra

tion in the test section had a similar effect. This is illustrated 

in Figure 44 which shows that the wall temperature is greatly reduced 

in the presence of vibration. The effect is the greatest in the 

middle of the tube where the vibration amplitude is greatest. This 

was the case in the run shown in Figure 44. 

Pressure 

The deterioration is the greatest near the critical pressure and is 

less at higher pressures. Figure 27 and 32 show that the deteriora

tion at 1150 psi. is not as sharp as at 1100 psi. and also that the 

allowable heat flux at 1150 psi. is greater than at 1100 psi. under 

identical conditions of flow rate. 
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5. Effect of Orientation 

Hot spots were observed in both up and down flow, and in general, 

no significant differences were seen within the limits of the 

operating conditions. Figure 33 does show that at low mass veloci

ties, the allowable heat fluxes were higher for downflow than for 

upflow. Though a horizontal test section was not tested, deteriora

tion is expected to occur in that orientation, but probably reduced 

in sharpness and degree due to the influence of convective effects 

on the boundary layer. 

6. Test Section Diameter 

The slope of the experimental safe vs. unsafe plots as well as the 

computed plot indicates that greater deterioration may be expected 

for larger diameter tubes. This is also to be expected from the 

computed safe vs. unsafe plot. However, the situation is compli

cated by the presence of strong natural convection effects in the 

2 
larger diameter tubes for larger GR/Re . A comparison of the 

1/4-inch and 1/8-inch section plots in Figure 39 shows that there 

is some discrepancy in the low velocity region which is partly due 

to this effect. 

7.8 Comparison of Results with those of Other Investigators for Carbon 

Dioxide 

It was briefly mentioned earlier that most of the earlier investiga

tors have not observed deterioration in heat transfer to carbon dioxide 

in the form of temperature peaks, whereas one investigator reports sharp 

peaks in upflow and none in downflow. A more detailed comparison between 

those results and the present work is made in this section with a view 
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to explaining the apparent contradictions. In Table 4 the results 

and operating conditions of Koppel and Smith (27) , Tanaka (24), 

Hall (20), Krasnoschekov et al (61), and the present work (Shlralkar) 

are compared. 

Koppel and Smith used a wide range of heat fluxes and mass veloci-

o 
ties with inlet temperatures of 60 F and above. The test section used 

was horizontal and small in diameter (0.194 inch). Though no deteriora

tion in heat transfer was reported as such, a number of anomalous results 

are shown. With some of the lower inlet temperatures used, there is 

often a sharp fall in the wall temperature with length. For example, 

2 
for one run at a heat flux of 71,200 BTU/ft -hr and an inlet temperature 

o , 2 
of 70 F and a mass flow rate of 722,000 lbs/ft -hr., a sharp drop in 

o 
wall temperature was observed from 180 to 140 F, which was atrributed 

to entrance effects. In the light of the present investigation, this 

would appear to be the tail end of a temperature peak, modified by 

entrance effects. The use of the horizontal test section would also 

tend to reduce the amount of deterioration. 

Tanaka et al have confined their experiments to very small heat 

fluxes and inlet temperatures above 80 F. Under these conditions it 

would not be possible to observe deterioration in heat transfer. 

The results of Hall are especially interesting because they illus

trate the effects of natural convection in large tubes or large values 

Gr 
of — 2 ' ^ comparison with the results of Shlralkar shows that the Gr 

Re 

was much higher in these experiments and the mass flow rates smaller 

than those used by Shlralkar. Both these conditions serve to increase 

the dominance of buoyancy effects. A comparison of the nature of the 



TABLE 4 

Comparison of Experimental and Theoretical Results for CO-

'io. Source 

1 Shlralkar 

2 Shlralkar 

3 Shlralkar 

4 Shlralkar 

5 Hall 

6 Hall 

7 Hall 

8 Koppel 
and Smith 

9 Tanaka 
et al 

10 Krasnoschekov 
et al 

11 Calculations 

Pressure 
psi 

1100 

1100 

1100 

1100 

? 

? 

? 

1071-
1100 

1130 

1130-
1470 

1100 

Tube 
Dla. 
Inches 

0.25 

0.25 

0.125 

0.125 

0.75 

0.75 

0.75 

0.194 

0.4 

0.16 

0.25, 
0.125 

^ 2 Q/A 2 
Lbs/Ft -Hr BTU/Ft -Hr 

640,000-
2,000,000 

640,000-
2,000,000 

1.2x10^-
2.6x10 

1.3x10^ 
3x10^ 

468,000 

468,000 

468,000 

93,000-
930,000 

300,000-
675,000 

375,000-
1,875,000 

1,000,000 

16,000-
117,000 
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110,000 
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144,000 

50,000 
144,000 

16,000 

17,500 

17,500 

20,000-
200,000 

5,000-
17,800 

825,000 
and below 

60,000 

Orientation 
of Flow 

Upflow 

Downflow 

Upflow 

Downflow 

Upflow 

Upflow 

Downflow 

Hotlzontal 

Upflow 
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No Gravity 
Terms 

Min. 
Inlet 
Temp* y 

°F 

35°F 

35°F 

0°F 

0°F 

53°F 

53°F 

53°F 

70°F 

83°F 

70°F 

Enthalpy 
at Peak 
BTU/Lb 

60-

55-

60-

60-

50 

49 

-

-

77 

•75 

•68 

•70 

•69 

-80 

Nature 
of Re = 
Peak GD/u 

Sharp 267,000-
835,000 

Sharp 267,000-
835,000 

Not as 250,000 
Sharp 38 540,000 
(1),(2) 

Similar 260,000-
to (3) 625,000 

Sharp 586,000 

Very 586,000 
Sharp 

No 586,000 
Peak 

No Peak 30,000-
Sharp 300,000 
Drop in 
Temp, at 
Inlet 

No 200,000-
Peak 450,000 

No Peak 100,000-
Low Heat500,000 
Trans. 
Coeffi-
ients 

Not as 415,000 
Sharp as 
Experi
ment in 
(1),(2) 

Gr = 
2 

2.3x10^ 

2.3x10^ 

0.28x10^ 

0.28x10® 

61.4x10^ 

61.4x10® 

61.4x10® 

9.4x10® 

Gr 
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3.2x10"^ 
1 

Ul 

3.2x10 ^ 1 
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4.4xl0~^ 

1.73x10"^ 

1.73x10"^ 

1.73x10"^ 
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peaks is also revealing. The peaks in Hall's results are much sharper; 

i.e., they occur over a much smaller enthalpy range, and they were not 

found in downflow. They also occur at a substantially smaller value 

of the bulk enthalpy. This adds weight to the deductions made by com

paring the results for steam as obtained by various investigators. The 

influence of natural convection thus tends to produce sharper peaks in 

upflow, which occur at a smaller value of the bulk enthalpy. Here again, 

it can be seen that the inlet enthalpy can be important. Tanaka et al, 

though working under nearly the same conditions of small Reynolds numbers 

and large Grashof numbers, did not report any comparable behaviour in 

their results. 

In a recent investigation by Krasnoschekov and Protopopov, the heat 

transfer to carbon dioxide at very high temperature drops was measured. 

2 
Heat fluxes as high as 825,000 BTU/ft -hr were used at pressures of 1130 

and 1420 psia. A horizontal test section 4.08 mm (0.16 inch) and with 

L/D = 51 was used for the purpose. The Reynolds nvimber range used was 

10 to 5 X 10 . The lowest inlet temperature used was 70 F,and conse

quently, no sharp peaks were seen in the pre-critical enthalpy range. 

However, it was found that the heat transfer coefficient became increas

ingly poor at high heat fluxes. Values as low as 1/lOth of the expected 

heat transfer coefficient, as calculated by correlations for supercriti

cal pressure heat transfer at low heat fluxes, were encountered. They 

p 0.3 S n 
suggest a multiplication factor of (—) (— ) in order to adapt the 

PL Sb 
low heat flux correlation to their results, where n varies from 0.4 to 

0.7 under different conditions. 
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These results lead one to the conclusion that the operating condi

tions governing the nature and extent of deterioration at a particular 

supercritical pressure are: 

1. Heat flux parameter 

2. Flow rate or Reynolds number 

2 
3. A free convection parameter, e.g. Gr/Re 

4. Inlet temperature 

2 
It is seen from Table 4 that the parameter Gr/Re is an order of 

magnitude higher in Hall's results than the highest value for the condi-

_2 
tions of Shlralkar. A critical value of about 10 can be attached to 

2 
Gr/Re where the free convection effects become important. 

Figure 45 shows a three-dimensional plot of the operating condi

tions of the investigators mentioned in this section and shows that 

these were quite different from each other. In particular, the region 

of Investigation in the present work is seen to be in the portion where 

the heat fluxes were high and the importance of buoyancy effects very 

small. The influence of the inlet temperature is not shown in this map. 

A comparison in Table 4 shows, however, that Shlralkar used the widest 

range of inlet temperatures and the greatest degree of subcoollng. Hall 

used a fairly low inlet temperature in the small sample of his results 

seen by this author (50°F). Koppel and Smith and Tanaka et al, as well 

as Krasnoschekov, generally used inlet temperatures too high to allow 

observation of the temperature peaks. 



- 162 -

QD. BTU/FT-HR 
3000 

2 7 0 0 

2400 

2100 

1800 

1500 

1200 

900 

V^ 

® 

© 

Rex 10^ 

5r xlO^ 
Re2 

© SHIRALKAR 
(D HALL (UNPUBLISHED 

RESULTS) 
(2) TANAKA 
@) KOPPEL a SMITH 

FIG. 4 5 ' MAP SHOWING REGIONS OF OPERATION 



-163-

8. SUMMARY AND CONCLUSIONS 

The Nusselt numbers for the heat transfer to a fluid at super

critical pressure differ sharply in different regions, the bounda

ries of which are governed by the mass velocity, a heat flux 

parameter, and a parameter governing the relative importance of 

free convection to the forced convection. Depending on the 

region of operation, varying degrees of improved and deteriorated 

heat transfer rates are possible. 

In the region where free convection effects are not important 

(i.e., the region covered by the experiments in this investiga

tion) , deteriorated heat transfer can occur when the heat flux 

is sufficiently high and the bulk temperature is below the pseudo-

critical temperature. The deteriorated region is confined to a 

relatively small range of bulk enthalpies, depending on the fluid 

and the pressure. 

The deterioration occurs because the effects of the low density 

and conductivity near the wall are not yet compensated by increased 

velocities in the core of the flow. 

The occurrence of the deteriorated region can be predicted reasona

bly well, but the heat transfer in the critical bulk enthalpy region 

beyond the peak in wall temperature cannot, because of Inadequacies 

in the expressions used for the eddy diffusivity. 

The location and extent of the deterioration is sensitive to the 

details of the system geometry and the inlet subcoollng. 
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Deterioration in heat transfer can occur in both upflow and down-

flow when the free convection effects are not predominant. 

The introduction of a swirl generating twisted tape within the 

test section substantially improves the heat transfer. However, 

if the heat flux is increased to a larger value, deterioration 

can occur again. This is not as sharp as the deterioration in 

the absence of twisted tape. 

Deterioration in heat transfer to carbon dioxide was not observed 

by earlier investigators because the inlet temperatures were not 

low enough in their experiments. The different observations made 

by different investigators in other fluids can be explained in 

terms of influence of natural convection, orientation, and entrance 

effects. 
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9. FUTURE WORK 

The problem of heat transfer to fluids at supercritical pressure 

when free convection is the dominant influence is an area that needs 

further investigation. Probably the most promising approach to the 

problem would be based on direct visual observation of the flow at low 

mass velocities and in large diameter tubes. This has not yet been 

done by any of the earlier investigators. It seems likely that signifi

cantly different flow patterns will be encountered, e.g., reversal of 

flow, etc. A study made with improved transmitted lighting as com

pared to the reflected lighting used with the present visual test sec

tion would no doubt prove more profitable. 

A theoretical approach would probably be influenced by the nature 

of the visual observations. It is clear that if a formal Integration 

procedure is to be used, better estimates of the eddy diffuslvitles of 

heat and momentum are necessary. Some information (57) is already 

available for this purpose. A "history" effect might have to be incor

porated into the calculations to remove the anomalies of zero diffuslvi

tles at the points where the shear stress vanishes. It is expected, 

however, that a theoretical approach will have to be modified to include 

an analysis of flow Instabilities that are possible under these circum

stances. 
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APPENDIX 1 

Recommended Procedure for Calculating the 

Heat Transfer Coefficient to Supercritical Pressure Fluids 

This section summarizes the results obtained in this report in 

the form of a step-wise procedure for estimating the heat transfer 

coefficient to supercritical pressure fluids (particularly, steam 

and carbon dioxide) when the flow rate, heat flux, and boiler tube 

size are known. 

1. Calculate the Reynolds number and approximate Grashof number 

for the flow as 

2 
GD ^ Ap .^b. „3 Re = — , Gr = -— (—) gR 
W D W 

First estimates of y and p can be made by using the super

critical temperature viscosity, which does not change rapidly 

and an approximate value of the bulk density. Since the region 

of interest, where the Grashof number is the largest, is such 

that the bulk temperature is below critical and the wall tem

perature above the critical temperature, a suitable value of 

the bulk density in the below-critical enthalpy region should 

be chosen, e.g., at 695-700 °F for steam at 3300 psi., 77-80 °F 

for carbon dioxide at 1100 psi. The value of Ap can be obtained 

by drawing parallel tangents to the low and high sides of the 

density vs. temperature curve and measuring the difference . 
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Gr 
2. Calculate — 2 ^° g^t an estimate of the influence of natural 

Re 
convection. If this is not too large, e.g., smaller than 

-3 -2 
4 X 10 for steam and 10 for carbon dioxide, the following 

procedure can be used with a high degree of confidence. If 

Gr 
— 2 is large, the heat transfer coefficient may be expected 
Re 
to be lower than the calculated one, especially in upflow. 

A more general criterion, applicable to more fluids may be 

2 
that Gr x Pr/Re should be less than a critical value, where 

the Prandtl number is of the form 

Pr- - M ^ 

" AT AK 

AH = Enthalpy increase in the critical region in 

a temperature interval AT 

Ay, AK = Viscosity and thermal conductivity drops in the 

same region. 

However, it is difficult to generalize from the data on just 

two fluids. 

3. Locate the operating conditions in terms of the mass velocity, 

tube diameter, and heat flux on the relevant safe vs. unsafe 

plot, e.g., Figure 19 for steam; Figure 39 for carbon dioxide. 

If the ragion of operation lies in the "safe" region, go to 

step 4; if it lies in the unsafe region, go to step 5. 

4. For "safe" operating conditions a number of correlations for the 

Nusselt number are adequate and can be used with confidence. 

Perhaps the correlation for steam that covers the largest operat 

ing range is the one due to Swenson et al (page 27) which is 
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v,n rr, 0-923 (H - H, ) y 0.631 p 0.231 
j ^ - 0.00459[—] [ _ ) - ] (—) 
w w w b w b 

In order to use this, a wall temperature has to be assumed in 

order to evaluate the properties at the wall temperature. With 

this, the Nusselt number, and thus the heat transfer coefficient, 

are calculated. This leads to a better estimate of the wall tem

perature. The iteration Is continued until a satisfactory agree

ment between successive estimates Is reached. 

This correlation has also been found to be successful for carbon 

dioxide at low heat fluxes. 

5. When deterioration takes place In the heat transfer, none of the 

previous correlations will lead to satisfactory agreement with 

experiment. For this purpose, the GD vs. bulk enthalpy plots for 

the particular heat flux (e.g.. Figures 6-9 for steam; Figure 35 

for carbon dioxide) can be used either to generate the complete 

wall temperature profile along the tube or to read off the maxi

mum wall temperature obtained under the circumstances. The 

procedure In using the plots has been described in the report in 

conjunction with Figures 6-9 and consists In cross-plotting the 

wall temperature vs. bulk enthalpy for the flow rate in question. 

The maximum temperature corresponds to the maximum In the GD vs. 

bulk enthalpy plot. These results can then be translated to heat 

transfer coefficients by dividing the heat flux by the wall to 

bulk temperature difference. 
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APPENDIX 2 

Computer Programs Used for Analysis 

The Fortran 4 computer programs used can be divided into two 

main groups: two-dimensional and one-dimensional solutions. Each 

of these groups were further sub-divided into two categories: solu

tions with and without gravity terms. Several different forms of 

eddy diffusivity were used in conjunction with different programs 

and a number of relaxation and forward difference procedures were 

tried. 

A sample program is shown in this section. This is the simplest 

program used and employs an explicit first-order forward difference 

procedure and has the advantage of requiring the least amount of 

computer time without too great a loss in accuracy. The program shown 

is for a one-dimensional solution without gravity terms. Goldmann's 

formulation for the eddy diffusivity is used. 

Notation used: 

CBULK Conductivity at bulk enthalpy 

COND Local thermal conductivity 

DBULK Density at bulk enthalpy 

DELTW Increment in wall temperature 

DENS Local Density 

DTDY dT 
dY 
dU 
dY 

DUDY 

DUPLUS Increment in UPLUS 
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DY 

DYPLUS 

ENTH 

EPS 

FLOW 

HBULK 

HEAT 

HNUM 

HNU2 

I 

J 

L 

RAD 

RATIO 

RCOND 

RDENS 

RENTH 

RSPHT 

RT 

RVISC 

SBULK 

SPHT 

TAU 

TBULK 

Increment in Y 

Increment in YPLUS 

Local enthalpy 

Eddy Diffusivity 

Mass flow rate x Diameter of Tube 

Bulk enthalpy 

Heat flux 

MacAdams Nusselt number = .023(Re, ) * (Pr, ) 
D b 

Nusselt number = hD/k, 

Incremental variable 

Incremental variable 

Dummy variable 

Radius of tube 

HNUM/HNU2 

Tabulated value of conductivity (tabulated versus 

temperature) 

Tabulated value of density 

Tabulated value of enthalpy 

Tabulated value of specific heat 

Tabulated value of temperature 

Tabulated value of viscosity 

Specific heat at bulk enthalpy 

Local specific heat 

Wall shear stress 

Bulk temperature 
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TFIN Highest wall temperature for run 

TPR Local temperature 

TRANSITION Radial distance at which Y=YLIM 

U Local axial velocity 

UPLUS / ^^ 

VBULK Viscosity at bulk enthalpy 

Vise Viscosity 

X Dummy variable 

Y Non-dimensionalized distance from wall= y/R 

YLIM Y at YPLUS" 28/RAD 
Y/T7p 

YPLUS / V o_ JJY 
o y/p 

The data required for the program consists of: 

1. Eighty tabulated values of temperature and the properties corres

ponding to these temperatures, i.e., density, viscosity, thermal 

conductivity, specific heat, and enthalpy at the pressure in 

question. 

2. Eighty values of Y, the dimensionless distance from the wall, 

ranging from 0 to 1. 

3. Fifty-six values of the wall shear stress in the region of interest. 

The formats for these are contained in statements 200, 100, and 

1000. 

Apart from this data, the inputs for a particular run are: 

a. The heat flux, HEAT in BTU/ft -hr. 

b. The initial or lowest wall temperature, TPR(l) in F. 

c. The increases in wall temperature for each successive solution, 

DELTW in °F. 
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d. The highest wall temperature, TFIN in °F. 

e. The radius of the tube, RAD in ft. 

Statement 500 indicates the format for these inputs. 

The outputs for each set of inputs consist of: 

a. The radial temperatures, TPR(l) to TPR(80), in °F. 

b. The local axial velocities along the radius, U(l) to U(80), in ft/hr. 

c. The mass flow rate parameter, FLOW in Ibs/ft-hr. 

d. The bulk enthalpy, HBULK in BTU/lb. 

e. The transition from the wall layer to the core of the flow, 

TRANSITION. 

f. The ratio of the local bulk MacAdams Nusselt number to the computed 

Nusselt number, RATIO. 

The main equations used in symbolic form are: 

,_, - q/A X R X (1 - Yd)) dT (jj _ o 
dY ^ ' k(I) + p(I) C (I)e(I) 

... T R(l - Yd)) 
^ (I) dY '"' Mil) + p(I)ed) 

dY = Yd + 1) - Yd) 

T(I + 1) - Td) + ̂  (I) X dY 

Ud + 1) = U(I) + ~ (I) X dY 

The eddy diffusivity is evaluated by 

ed) =. 0.01536 RU^DY-^d) ̂  (1 - e-°l"^ RU^I)Y^I) , 

for Y'̂ 'CD < 28/R). 
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For Y (I) > 28/R, the quadratic equation for -r— (I) is solved 

first, and e is obtained later; i.e.. 

°̂ (I) = [ -1 + 1 + .5184 Y"^(I)^R^(1 - Yd)) ] 

^^ .2592 RY'^CD^yCD/T 
o 

ed) = 0 1296 I^^lJiOo!. X ̂  (I) 

+ + 
Y and U are calculated by the following method: 

+ T Pd) 
DY^(I) ° 

yd) 

DU-'(I) = ̂^̂ -̂T o 

Y^i) = Y+ci - 1) + î (i)--:̂ 5X̂ l̂ ÂU , dY 

u^i) = u-̂d - 1) + ml(D^±J^}^--m , fu(x) _ Ud - 1)] 

Subroutines 

Two subroutines were written up to evaluate properties at given 

values of temperatures and enthalpies. These are called PR0P(I,T) 

and PR0P2(Y), respectively. The properties are obtained by linear 

interpolation between tabular values. For temperatures and enthalpies 

which lie outside the tabular range, algebraic expressions are pro

vided for small regions on either side of the tabular limits. 



C ONE DIMENSIONAL RUN WITHOUT GRAVITY TERMS 
C CARBON DIOXIDE AT 1100 PSI. 
C GOLDMANN'S FORMULATION FOR EDDY DIFFUSIVITY 
C HEAT=144000 BTU/FT2-HR. RAD=.125 INCh.ES 

DIMENSION TPR(80).Y(80).U(80).DENS(80).V ISC(80).COND(80) .ENTH(80)» 
1SPHT(80).EPS(80).DTDY(80)»DUDY(80).RDENS(80).RVISC(80).RCOND(80)» 
2RSPHT(80).RENTH(80).RT(80).YPLUS(80).UPLUS(80)•DYPLUS(80)»DUPLUS(8 
30),TAU(56) 
COMMON DENS.Vise.COND.SPHT.ENTH.RDENS.RVISC.RCOND.RSPHT.RENTH»RT. 
1 TBULK.SBULK.VBULK.CBULK 
READ(5.200) (RT(I).I=1.80).(RDENS(I)•1=1.80).(RVISC(I).I=1.80)•(RC 
10ND(I).I = 1.80).(RSPHT(I).1 = 1.80)•(RENTH( I ) .1 = 1.80) 

200 FORMAT(10F7.2) 
100 READ(5.1) (Yd ) .1 = 1.80) 
1 F0RMAT(10F7.2) 

READ(5.500) HEAT.TPR(1)»TFIN.RAD.DELTW 
500 F0RMAT{5F12.2) 

READ(5.1000) (TAU(J).J=1.56) 
1000 F0RMAT(10E7,2) 
3 J=l 

TPR(1)=TPR(1)+DELTW 
8 L = 0 

EPS(1)=0. 
U( 1)=0. 
YPLUS(1)=0. 
UPLUS(1)=0. 
X=PR0P(1,TPR(1)) 
DTDY(1)=-HEAT*RAD/C0ND(1) 
DUDY(1)=TAU(J)*RAD/VISC(1) 
DY=Y(2)-Y(1) 
U(2)=DUDY(1)*DY 
TPR(2)=TPR(1)+DTDY(1)*DY 
DYPLUS(1)=SQRT(TAU(J)*DEN5(1))/VISC(}) 
DUPLUS(1)=SQRT(DENS(1)/TAU(J)) 
DO 4 1=2.79 
X = PR0P( I.TPRd ) ) 
DYPLUS(I)=SQRT(TAU(J)*DENS(I))/VISC(I) 
DUPLUS(I)=SQRT(DENS(I)/TAU(J)) 
DY=Y(I)-Y(I-l) 
YPLUS(I)=YPLUS(I-1)+DY*DYPLUS(I)-DY/2.*(DYPLUS(I)-DYPLUS(I-l)) 
DU=U(I)-U(I-l) 
UPLUS(I)=UPLUS(I-1)+DU*DUPLUS(I)-DU/?.*(DUPLUS(I)-DUPLUS(I-l)) 
X=YPLUS(I) 
IF(X-28./RAD)5.5.6 

5 EPS(I)=.01536*RAD*UPLUS(I)*X*VISC(I)/DENS(I)*(l.-EXP(-.015 36*RAD*U 
1PLUS(I)*X) ) 
DUDY(I) = (1.-Y( I))*TAU(J)*RAD/(VISC(I)+DENS(I)*EPS(I ) ) 
GO TO 7 

6 IF(L-1)371.372.372 
371 YLIM=Y(I) 

L=l 
372 DUDY(I)=(-l.+SQRT(l.+.5184*X*X*RAD*RAD*(l.-Y(I))))/(.2592*RAD*X*X* 

1VISC(I)/TAU(J)) 
EPS(I)=ABS(.1296*RAD*X*X*VISC(I)/DENS(I)*VISC(I)/TAU(J)*DUDY(I)) 

7 DTDYd)=-(l.-Y(I) )*HEAT*RAD/(C0ND(I)+DENS{I)*SPHT(I)*EPS(I) ) 
DY=Y(I+l)-Y(I) 
U(I+1)=U(I)+DUDY(I)*DY 
TPR(I+1)=TPR(I)+DTDY(I)*DY 

4 CONTINUE 
X=PROP(80.TPR(80) ) 
DEL16=0. 
DEL17=0. 
DO 10 1=2.80 



DY=Y(I)-Y(I-l) 
P=(l.-Y(I))*DENS(I)*U(I) 
Q=(l.-Y{I-l))*DENS(I-1)*U(I-1) 
DEL16=DEL16+.5*{P+Q)*DY 

10 DEL17=DEL17+.5*(P»ENTH(I)+Q*ENTH(I-l))*DY 
HBULK=DEL17/DEL16 
FL0W=4.*DEL16*RAD 
X=PR0P2(HBULK) 
HNUM=,023*((SBULK*VBULK/CBULK)**0.4)*((FLOW/VBULK)**,8) 
HNU2=2.*HEAT*RAD/((TPR(1)-TBULK)*CBULK) 
RATI0=HNUM/HNU2 
WRITE(6»997) 

997 FORMAK1H1.50X.8HTWALL = , F6 . 1/48X.2IH*********************) 
WRITE(6.999) 

999 FORMAK///8X.4HFL0W,1IX . 5HHBULK.12X.3HTAU•lOX»IOHTRANSITION,9X» 
15HRATI0) 
WRITE(6.998) FLOW.HBULK,TAU(J).YLIM,RAT 10 

998 F0RMAT(5E16.6) 
WRITE(6,990) 

990 FORMAT(//3X.12HTEMPERATURES) 
WRITE(6.31) TPRd) .TPR( 3) .TPR(5) .TPR ( 7 ) . TPR ( 9 ) »TPR( 11) .TPR (13) » 
1TPR( 15) .TPR(17).TPR{19).TPR(21).TPR(28).TPR(33).TPR(38)»TPR(41)» 
7TPR{40).TPR(47).TPR(49),TPR(51).TPR(f7),TPR(62)»TPR(70)»TPR(72). 
3TPR(74).TPR(76) .TPR(78) .TPR(80) 

31 FORMAT(//8(2X.E13.6)) 
WRITE(6.32) 

32 FORMAT(//3X.4HU... ) 
WRITE(6.31) U(1).U(3).U(5).U(7).U(9),U(11).U(13).U(15),U{17).U(19) 
l.U(21).U(28).U(33).U(38).U(41).U(43)»U(47)»U(49).U(51).U(57).U{62) 
?.U(70)»U(72),U(74).U(76).U(78).U(80) 
J = J + 1 
IF(FLOW-30000.)904,904.803 

904 IF(J-56)8.8,803 
803 IF(TPR(1)-TFIN)3»804,804 
804 STOP 

END 



FUNCTION PROPCI*T) 
DIMENSION DENS(80)*VISC(80)»C0ND(80)*ENTH(80).RDENS(40)•RVISC(40)• 
1RSPHT(40)*RENTH(40)»RT(40).RCOND(40)•SPHT(80) 
COMMON DENS*VISC»COND*SPHT*ENTH.RDENS.RVISC.RCOND.RSPHT*RENTH*RT* 
ITBULK*SBULK.VBULK*CBULK,DBULK 
IF{T-550.)40*8*8 

8 IF(T-1050.)1,1,20 
1 J = 0 
2 J=J+1 

IF(T-RT(J))3»10,2 
3 RA=(T-RT( J~l) )/(RT(J)-RT( J-D) 

RB=1.-RA 
GO TO 4 

10 RA=1. 
RB = 0. 

4 DENS(I)=RB*RDENS(J-1)+RA*RDENS(J) 
Vise(I)=RB*RVISC(J-1)+RA*RVISC(J) 
COND(I)=RB*RC0ND(J-1)+RA*RCOND(J) 
SPHT(I)=RB*RSPHT(J-1)+RA*RSPHT(J) 
ENTH(I)=RB*RENTH(J-1)+RA»RENTH(J) 
PROP=0. 
RETURN 

20 ENTH(I)=1467«6+.75*(T-1050«) 
SPHT(I)=1.04-.006*(T-1050,) 
COND(I)=.047 
VISC(I)=,07f 
DENS( I) =4.26-.0068*(T-1050.)+4.0E-5*( (T-1050. )**2.) 
PROP=0. 
RETURN 

40 DENS{I)=47.60+.0567*(55 0.-T)-6.6E-5*((550.-T)**2.) 
ENTH(I)=545.3-(550.-T)*1.16 
VISC(I)=.245+(5 50.-T)».0003 
COND{I)*.350 
SPHT(I)=1.25 
PROP=0. 
RETURN 
END 



FUNCTION PR0P2(Y) 
DIMENSION Z(400).RVISC(40).RDENS(40).RSPHT(40).RENTH(40)»RT(40). 
1RCOND(40) 
COMMON Z.RDENS.RVISC.RCOND.RSPHT.RENTH.RT.TBULK.SBULK.VBULK,CBULK, 
IDBULK 
IF(Y-545.3)40.8,8 

8 IF(Y-1467.6)1.1.20 
1 J = 0 
2 J=J+1 

IF(Y-RENTH(J))3.10.2 
3 RA=(Y-RENTH(J-1))/(RENTH(J)-RENTH(J-1)) 

R B = 1 . - R A 

GO TO 4 
10 RA=1. 

RB = 0. 
4 VBULK=RB*RVISC(J-1)+RA*RVISC(J) 

CBULK=RB*RC0ND(J-1)+RA*RC0ND(J) 
SBULK=RB*RSPHT(J-1)+RA*RSPHT(J) 
TBULK=RB*RT(J-1)+RA*RT(J) 
DBULK=RB*RDENS(J-1)+RA«RDENS(J) 
PROP2=0. 
RETURN 

20 TBULK=(Y-1467.6)/.75+1050. 
SBULK=1.04-.006*(TBULK-1050.) 
DBULK=4.26-.0068*(TBULK-1050.)+4.0E-5*((TBULK-1050.)**2.) 
CBULK=.050 
VBULK=.075 
PROP2=0. 
RETURN 

40 CBULK=.350 
VBULK=.245+.00 3*(545.3-Y)/1.2 5 
TBULK=5 5 0.-(545.3-Y)/1.16 
SBULK=1.25 
DBULK = 47.60 + .0567*(5 50.-TBULK)-6.6E-5*( (5 50 .-TBULK)**2.) 
PROP2=0. 
RETURN 
END 



DATA USED FOR CARBON DIOXIDE PROGRAM 

0. 
.0050 
.010 
.026 
.050 
.10 
.28 
.55 

DISTANCE FROM 
.0005 
.0055 
.011 
.028 
.055 
.11 
.30 
.60 

.0010 

.0060 

.012 

.030 

.060 

.12 

.32 

.65 

WALL 
.0015 
.0065 
.013 
.032 
.065 
.14 
.34 
.70 

.0020 

.0070 

.014 

.034 

.070 

.16 

.36 

.75 

.0025 

.0075 

.016 

.036 

.075 

.18 

.38 

.80 

.0030 

.0080 

.018 

.038 

.080 

.20 

.40 

.85 

.0035 

.0085 

.020 

.040 

.085 

.22 

.42 

.90 

.0040 

.0090 

.022 

.042 

.090 

.24 

.45 

.95 

.0045 

.0095 

.024 

.045 

.095 

.26 

.50 
1. 

20. 
66. 
76. 
86. 
96. 
106. 
116. 
130. 
57.9 
52.5 
48,6 
41.8 
17.0 
14.3 
12.8 
11.5 
.337 
.199 
.164 
.128 
.0577 
.0505 
.0493 
.0488 
.0540 
.0508 
.0475 
.0415 
.0190 
.0169 
.0162 
.0159 
.48 
.74 
.93 
1.75 
1.62 
.85 
.58 
.50 
27.6 
54.5 
63.9 
75,9 
123. 
133.9 
141. 
148. 

PROPERTIES OF 
30. 
67. 
77. 
87. 
97. 
107. 
117. 
140. 
56.3 
52.1 
48.2 
40.6 
16.5 
14.1 
12.7 
10.9 
.307 
.196 
.159 
.125 
.0565 
.0498 
.0492 
.0486 
.0530 
.0507 
.0469 
.0398 
.0185 
.0168 
.0162 
.0157 
.55 
.75 
.96 
2.05 
1.50 
.80 
.56 
.48 
32.4 
55.5 
64.8 
77.5 
124.5 
134.8 
141.5 
153. 

40. 
68. 
78. 
88. 
98. 
108. 
118. 
130. 
54.9 
51.9 
47.6 
38.9 
16.2 
14.0 
12.6 
10.3 
.277 
.193 
.156 
.121 
.0555 
.0495 
.0492 
.0483 
.0520 
.0506 
.0462 
.0378 
.0181 
.0167 
.0162 
.0157 
.61 
.76 
.99 
2.85 
1.39 
.75 
.54 
.43 
38.1 
56.5 
65.7 
79.8 
126, 
1 35.5 
1 H 2 . 
157. 

CARBON 
50. 
69. 
79. 
89. 
99. 
109. 
119. 
160. 
54.2 
51.5 
47.1 
35.9 
16.0 
13.7 
12.5 
9.9 
.247 
.189 
,153 
,115 
,0540 
,0495 
,0491 
,0481 
,0510 
.0504 
.0456 
.0341 
.0179 
.0166 
.0161 
.0157 
.65 
.77 
1.02 
4.50 
1.30 
.72 
.53 
.42 
43.9 
57.7 
66.5 
82.0 
127. 
136.1 
142.5 
161. 

DIOXIDE 
60. 
70. 
80. 
90. 
100. 
110. 
120. 
170. 
53.9 
51.2 
46.6 
28.2 
15.7 
13.5 
12.4 
9.5 
.217 
.185 
.149 
.101 
.0532 
.0494 
.0490 
.0478 
.0510 
.0500 
.0449 
.0280 
.0177 
.0165 
.0161 
.0157 
.70 
.80 
1.07 
4.50 
1.20 
.69 
.52 
.40 
50.0 
58.5 
67.9 
99.0 
128.3 
137. 
143. 
165. 

AT 1100 PSI 
61. 
71. 
81. 
91. 
101. 
111. 
121. 
180. 
53.5 
50.8 
45.9 
22.8 
15.5 
13.4 
12.4 
9.0 
.214 
.181 
,146 
.033 
.0528 
.0494 
.0490 
.0476 
.0509 
.0496 
.0443 
.0238 
.0175 
.0165 
.0161 
.0157 
.705 
.82 
1.12 
3.20 
1.12 
,67 
,52 
,40 
50.5 
59.1 
69.0 
108. 
129,2 
137,9 
143,5 
169, 

62. 
72. 
82. 
92. 
102. 
112. 
122. 
190. 
53.3 
50.4 
45.4 
20.7 
15.3 
13.3 
12.3 
8.5 
.211 
.178 
.142 
.070 
.0522 
.0493 
.0489 
,0474 
,0509 
,0492 
,0437 
,0227 
,0173 
,0164 
,0161 
,0157 
,71 
,84 
1.20 
2.55 
1,05 
,64 
,52 
,40 
51,2 
60.0 
70.0 
114. 
130.5 
138.5 
144. 
173, 

63. 
73. 
83. 
93. 
103. 
113. 
124, 
200, 
53.2 
50,0 
44,5 
19,1 
15,1 
13,1 
12.1 
8.0 
.208 
.174 
.1^9 
.065 
.051!. 
.0493 
.0489 
.0472 
.0508 
,0488 
,0430 
.0214 
.0171 
.0164 
.0160 
.0157 
,72 
,86 
1.28 
2.20 
1.00 
.62 
.52 
.38 
51.9 
61.2 
71.5 
117, 
131,2 
139, 
145, 
176, 

64, 
74. 
84. 
94. 
104. 
114. 
126. 
210. 
53.0 
49.5 
43.7 
18.1 
14.9 
13.0 
11.9 
7.8 
,205 
,170 
,135 
.0625 
.0512 
.04^3 
,0488 
,0472 
,0508 
,0483 
,0424 
,0203 
.0170 
.0163 
,0160 
,0157 
,72 
,88 
1,40 
2,00 
,95 
,61 
,52 
.35 
52.7 
62.1 
73.2 
119. 
132. 
139.5 
146. 
179. 

65. 
75. 
85. 
95. 
105. 
115. 
128. 
220. 
52.7 
49.0 
43.1 
17.5 
14.6 
12.9 
11.7 
7.7 
.202 
.167 
.132 
.0595 
.0510 
.0493 
.0488 
.0470 
.0508 
.0479 
.0420 
.0196 
.0169 
.0163 
,0160 
.0157 
,73 
,90 
1.54 
1,80 
,90 
,60 
,51 
,33 
53.6 
63.0 
74.8 
121. 
133, 
140. 
147, 
182, 

SHEAR STRESS VALUES 
2.5E6 
8.0E6 
2.4E7 
7.0E7 
3.0E8 
9.0E8 

3.0E6 
9.0E6 
2.6E7 
8.0E7 
3.5E8 
1.0E9 

3.5E6 
1.0E7 
2.8E7 
9.0E7 
4.0E8 
i.2Eg 

4.0E6 
1.1E7 
3.0E7 
1.0E8 
4.5E8 
1.5E9 

4.5E6 
1.2E7 
3.5£7 
1.2t8 
5.068 
2.0E9 

5.0E6 
1.4E7 
4.0E7 
1.4E8 
5.5E8 
2.5E9 

INPUTS 
144000. 340. 440. .00521 20. 

5, 
1. 
4 
1 
6. 

5E6 
.6E7 
,5E7 
,6E8 
.0E8 

6. 
1. 
5. 
1. 
<̂< 

0E6 
8E7 
0E7 
8E8 
r'E8 

6 . 5 E 6 
2 . 0 E 7 
5 . 5 E 7 
2 . 0 E 8 
7 . 0 E 8 

7 . 0 E 6 
2 . 2 E 7 
6 . 0 E 7 
2 . 5 E 8 
8 . 0 E 8 



ERRATA 

Line 

Bottom 

Column Heading 

6 

4 

8 

5 

4 

10 

should be 'Page 166' 

' T e m p . Peak ' ins tead of 

' T e m p . P e r c . ' 

omit 'wal l ' 

I / T /P ' ins tead oi W /p ' V o'^ w o'^ w 

' 7 T ^ / P ' ins tead of ' r^/p ' 

' i ' miss ing on L . H . S . of equation 

omit ' m a s s ' 

add 'of the m a s s velocity' after 

'high va lues ' 

'none' ins tead of 'one ' 




