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Laminar Forced Convection at Zero Gravity to Water
near the Critical Region

S. H. Lee* and John R. Howellt
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Numerical modeling is carried out to analyze the heat transfer and fluid flow for water in the critical
region in laminar tube flow under zero-gravity conditions. The model considers variable density, specific
heat, viscosity, and conductivity. The effect of proximity to the critical point is also considered. To ac-
curately predict property distributions, the numerical grid is clustered in the region where property
variation is severe. The results of the modeling provide heat transfer and flow characteristics including
profiles of temperature and velocity, the heat transfer coefficient, and the friction factor in the developing
region of the tube. Constant wall temperature and constant wall heat flux are considered, and pressure,
inlet fluid temperature, and Reynolds number are used as parameters. The calculation results show
differences compared from results based on constant properties, and provide insight into the effects of

the large property variations on heat transfer.

Nomenclature

area, m’

specific heat at constant pressure, kI/’kg °C
tube diameter, m

friction factor

heat transfer coefficient, W/m? °C
mapping property

enthalpy, J/kg

Jacobian of coordinate transformation
thermal conductivity, W/m °C

tube length, m

pressure, N/m?

reduced pressure, P/P,

Prandt]l number

heat flux, W/m?

geometric relations between coordinate systems
radius, m

Reynolds number at inlet

radial distance, m

source term in conservation Eq. (9)
source term in conservation Eq. (10)
temperature, °C

pseudocritical temperature, °C
velocity component along ¢ direction
local velocity in axial direction, m/s
velocity component along 7 direction
local velocity in radial direction, m/s
axial distance, m

coefficient of thermal expansion, 1/°C
diffusion coefficient

transformed coordinate

absolute viscosity, kg/s m
transformed coordinate

density, kg/m’

shear stress, N/m®

viscous dissipation, J/kg m*
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Subscripts

b = bulk condition

c = critical point value
in = inlet condition

w = wall condition
Superscript

i = jteration

Introduction

VER the past years, there has been rapid growth of re-

search activities in supercritical heat transfer. Convection
heat transfer to supercritical and near critical fluids is of great
interest because of many applications, including the design of
heat exchange equipment that uses water in powerplants, hy-
drogen in rockets, helium as a coolant in superconducting sys-
tems, and carbon dioxide in supercritical extraction systems.
Although a significant amount of research has been carried out
in this area, it is still difficult to predict accurately the heat
transfer from fluids to surfaces at conditions near the pseu-
docritical temperature at supercritical pressure.

Near the critical point of water (7, = 373.98°C and P, =
22.06 MPa), there are large variations in the thermophysical
and thermodynamic properties such as density, specific heat,
viscosity, and conductivity (Figs. 1 and 2). In this region prop-
erties transition from liquid-like to gas-like behavior across the
pseudocritical point as the temperature increases. Therefore,
the governing equations for the fluid mechanics and heat trans-
fer (Navier—Stokes and energy equations) cannot be uncoupled
as in the constant property case. The extremely temperature-
dependent properties near the pseudocritical point, particularly
the density and isothermal compressibility, strongly affect the
velocity profiles of the flow, and these velocity profiles in turn
affect the heat transfer and the temperature distributions.

Because of the need for design of systems such as heat ex-
changers for operation near the critical region, there have been
a considerable number of experimental'™* and theoretical’™’
investigations of flow and heat transfer. Most of these studies
are for turbulent flow, which is typical of most applications.
These studies are to understand the observed phenomenon of
degraded heat transfer in the tube near the pseudocritical tem-
perature of the fluid for high wall heat flux, which results in
hot spots on the tube wall. Most of the theoretical studies for
turbulent flow have not accurately described the effect of prop-
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Fig. 1 Density and specific heat variation for water.
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Fig. 2 Viscosity and thermal conductivity variation for water.

erty variations on modeling the turbulent Prandtl number, eddy
diffusivity, and several other constants related with turbulence
modeling. Most have used the general formulations without
modification.

For low velocity (laminar) flow in a tube near the critical
region, less research has been done. A few studies® ' have
investigated numerically the problem of laminar flow in a ver-
tical tube with or without buoyancy force for supercritical flu-
ids such as CO,, water, and helium, using the boundary-layer
approximations. Koppel and Smith" modeled the case of con-
stant heat flux, neglecting the radial velocity component and
using implicit finite difference equations. Their results indi-
cated some differences between near-critical and constant
property results for the heat transfer coefficient, especially in
the developing region near the pseudocritical point. Shenoy et
al."! obtained numerical solutions without taking account of
buoyancy forces for the case of constant wall temperatures,
and demonstrated an increase in the heat transfer coefficient
for the hydrodynamic entry region of tube flow near the critical
region compared with the constant property solution. Dash-
evsky et al.® showed that there is a maximum value of heat
transfer coefficient for developing flow in a tube, and that the
maximum occurs when the fluid temperature in the tube is a
little lower than the pseudocritical temperature. And the results
showed that this peak value of heat transfer coefficient in-
creases with a decrease of mass velocity and with an increase
of heat flux. Bogachev et al.,'* Vlakhov et al.,” and Valyu-
zhinich et al.* investigated supercritical fluids experimentally
and suggested correlations for heat transfer coefficients in the
laminar/transitional flow region. Their results show that there
is a peak value in heat transfer coefficient in the developing
region. And far from the critical region, the heat transfer char-
acteristics are similar to those for the constant property case.
Dashevsky et al.® inferred free convection effects from ex-
perimental data and suggested a heat transfer correlation for

downflow of a supercritical fluid. Numerical and experimental
results for laminar tube flow show that there are severe vari-
able property effects on fluid flow and heat transfer and they
cannot be neglected near the critical region.

Despite the several studies of tube flow for a near-critical
fluid, the experimental data are sparse and the characteristics
of heat transfer and fluid flow in a tube are not well under-
stood. Because of the large number of variables and the dif-
ficult range of pressure and temperature, it is very tedious to
get experimental measurements. The purpose of the present
study is to understand the basic mechanisms and interactions
of fluid flow and heat transfer and to predict laminar forced
convection heat transfer to supercritical water in a tube. Unlike
turbulent flow, there is no need to assume or model the tur-
bulent Prandtl number and eddy diffusivity, and the results can
predict well the effect of property variation near the critical
region.

Numerical Modeling

The problem to be analyzed is heat transfer to near-critical
water flowing through a smooth-walled circular tube. Flow
enters a tube with a uniform velocity and constant temperature.
The thermal conductivity of the tube wall is assumed so high
that the thermal resistance through and along the wall can be
neglected, and this additional parameter can be neglected.

The flow is assumed to be steady state and axisymmetric,
and local thermodynamic equilibrium is assumed. Following
are the governing continuity equation, Navier—Stokes equa-
tion, and energy equation in axisymmetric coordinates, which
are used here.

Continuity:

139 3
T (prv) + P (puw) =0 1

Momentum equation:
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Energy equation:
pC(DT/Dr) = div(kVT) + BT(Dp/Dt) + ud® “)

The associated boundary conditions are

—z = 0 (inlet) U=, v=0T=T, P=P,
du av oT
-0<z<L atr=0 —=0,—=0,—=
z r ar or ar 0
atr=R:u=0,v=0;T=TworQw=—ki;—T
r



506 LEE AND HOWELL

The outlet is placed 30 diameters downstream of the tube
inlet, and a linear extrapolation boundary condition is used.
Thermodynamic and transport properties can be expressed as
follows using the assumption of thermodynamic equilibrium
condition:

p=p(T, p) (52)
C,=CT.p (5b)
u= (T, p) (5¢)
k=KT, p) (5d)

For the properties of water, the code of Lester et al.”’ is
used.

To get an accurate prediction of property distributions near
the pseudocritical temperature in the tube, an adaptive grid
method is used. This forces denser grids in the region where
large variations of properties exist. In this grid generation, the
variational approach of Brackbill and Saltzman'® is used. The
integral that measures the weighted volume variation over each
mesh is

2

)

I=fw]dv, w=l%(V-p)

In this modeling, density is used as the variable for the
weighting function because it has a rather smooth variation
and represents the pseudocritical point very well compared
with C, near the critical region. To minimize the total integral
value over the whole domain, the following extremum prin-
ciple (Euler variation equation) is used:

3 84 8 @
(52 9Eoz; on 6z,,> =0 (72)
3 948 8 @
(a‘fﬁ’%a?)"“" a»

The results with coefficients of the highest derivatives are
expressed as follows:

b]ng + bzzfy, + baz,,,, + (23] + QAxl ey + A3ty = C1 (8a)

AZg + QrZgn T Gy F CiTg T CoFgy + C1yy = G, (8D)

The residuals of these highest derivative equations are used
to check the convergence of grid generation. If an adaptive
grid is used, the grid system is not necessarily orthogonal.
Hence, the governing equations must be solved in generalized
coordinates:

z=z& W
r=r(&m)

The governing conservation relations can be written in axi-
symmetric coordinates for the dependent variable ¢ in the fol-
lowing form:

K 19 1o/ 3¢
0z (pud) + r or (rpve) = r or (rI' 6r>
2 (p 29
+ P < E)z) + S(r, 2) 2

where S(r, z) is the source term. With transformation to gen-

eralized coordinates, the general conservation equation be-
comes'’ ™%

3pU$ , 3V _ 3 [[< d¢p a¢>]

3t om eE|I\T'eE Pony
B |L(_ 3¢ 3¢
+6n[1< P a§+qsan)]+1s='=(§,n) (10)

where S*(£, m) is the source term in £ 7 coordinates and
U= u(rr,) — v(rz,)
V=1v(rzy) — ulrry
g1 = (rz,)" + ()’
4z = (rzd(rzy) + (rr(rry)
gs = (rz)f* + (i’
J = (rzery) — (rzqr)

The SIMPLE (Ref. 20) solution procedure developed for
Cartesian coordinates can be extended to the above generalized
(curvilinear) coordinates if the second and third terms on the
right-hand side of Eq. (10) are included with the source term
as in Shyy et al."® The equations of momentum, energy, and
continuity (pressure correction) are solved iteratively with the
renewal of water properties based on the pressure and tem-
perature field. Relaxation factors are used for stability with
values of 0.75 for velocities # and v, and 0.5 for temperature,
and a staggered grid system is used. In this grid system each
scalar variable such as temperature, pressure, and properties
are defined at the grid centers. Velocity components are de-
fined at the surfaces of the grid; # and U are at the midpoint
of east and west surfaces, and v and V at the midpoints of
north and south surfaces.

The convergence is checked with grid generation as well as
by solving the governing equations of continuity, momentum,
and energy. When the velocities and temperature satisfy the
following convergence criteria for the grid system:

i+l g
P 10, ¢=uv,and T

¢I

a new grid system is generated. When the maximum grid po-
sition change is less than 107> compared with the former grid,
the calculation is stopped. The total energy balance over the
physical domain is also checked by comparing the total inlet
and outlet enthalpy calculated from the respective radial dis-
tributions. Axial grids of 100, 200, and 300 points and radial
grids of 15, 30, and 45 points were used to investigate the grid
size effect on the calculation results. The difference between
the results for heat transfer coefficient in the meshes of 200 X
30 and 300 X 45 for z/D > 5 is less than 1%. Hence, the grid
of 200 X 30 was chosen for the calculations. The validity of
the extrapolation boundary condition at the outlet of the tube
was checked by comparison with the results for longer tubes.
All calculations are carried out on an IBM RISC System/6000.
To verify the program code, calculations were compared with
other existing results for the variable property case* and con-
stant property case® in tube flow. The predictions agreed very
well with other results.

Results and Discussion
Near the critical region (1 < P; < 1.15), there is steep var-
iation in thermodynamic and thermophysical properties with
temperature and pressure because of the characteristic phase
transition between liquid and gas. With heat transfer, fluid
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Fig. 4 Radial profiles of a) velocity, b) temperature, and c) den-
sity at several axial distances for Re = 1 X 10* and Re = 1 X 10°%
constant wall heat flux (T, = 375°C, P = 24 MPa, @, = 2 kW/m?).

passes through the pseudocritical point where there is the max-
imum property gradient with temperature for a specified pres-
sure. As the property variation effects are strongly coupled
with the flowfield, it is difficult to predict fluid flow and heat
transfer characteristics and find which one has the major effect.
In this analysis, variations of specific heat, thermal conductiv-
ity, density, and viscosity are considered, but body forces are
not included, so that buoyancy terms are neglected in the mo-
mentum equation. This is to simplify the phenomena and un-
derstand the effect of property variation. The results are ap-
plicable to zero-gravity conditions; however buoyancy effects
in nonzero gravity fields are important in laminar fiow,” and
in turbulent flow are apparently related to observed deterio-
ration in heat transfer in a tube. In this analysis, constant wall
heat flux and constant wall temperature boundary conditions

are considered. Figure 3 shows a typical grid generation using
the adaptive grid method. It can be seen that the grid is clus-
tered in some regions and this occurs where there is large
variation of properties. With this grid system, properties can
be predicted well in the tube.

Figure 4a shows the entrance region velocity profiles at var-
ious downstream distances in a tube for Re of 1 X 10*> and 1
X 10° for the same heat flux boundary conditions (Q,, = 2 kW/
m?). There is some difference between the two developing ve-
locity profiles. At Re = 1000 the developing velocity appears
similar to the case of laminar flow with constant properties.
But it is seen that the velocity profile for Re = 100 has not
approached the fully developed parabolic profile, which is typ-
ical of laminar flow when the properties are temperature in-
dependent. The distances z/D for laminar fully developed flow
for constant properties are about 5 and 50 for the Reynolds
numbers of 1 X 10? and 1 X 10°. The velocity at the centerline
increases rapidly with z for Re = 1 X 10° compared with Re
=1 X 10° This is related with the density change caused by
the heat transfer from the wall. As the fluid temperature in-
creases with heat transfer through the pseudocritical tempera-
ture, the fluid density decreases very rapidly. For Re = 1 X
10, this effect reaches far from the wall inside the tube, and
to satisfy mass conservation the velocity must increase along
the tube.

Water temperature profiles in the tube are shown in Fig. 4b.
In the temperature profiles, it seems that there is no anomalous
behavior as observed in the velocity profiles. Note that the
temperature gradient at the wall for Re = 1 X 10 is a little
steeper than for Re = 1 X 10°. In the constant property case
the gradient should be the same along the tube for Re = 1 X
10% and Re = 1 X 10°, This effect is related to the temperature
dependent water conductivity along the wall. For Re = 1 X
10? the wall temperature along the tube (z/D > 5) is higher
than the pseudocritical temperature because of heat transfer,
but for Re = 1 X 10° wall temperature is mostly less than that
temperature. Hence, the water conductivity near the wall for
Re = 1 X 107 is smaller than that for Re = 1 X 10°. With the
same heat flux prescribed at the wall, a smaller conductivity
results in a higher wall temperature gradient for the same wall
heat flux. Also note that, near the pseudocritical temperature,
where the specific heat is relatively high and has large varia-
tion, heat transfer is dominated by convection rather than
diffusion.

Figure 4c shows the density profile in the developing region.
It can be seen that at each downstream distance, there is large
variation of density across the tube section and the pseudo-
critical temperature point moves radially toward the centerline.
Compared with the large variation of density (and other prop-
erties) in the cross section of the tube, temperature variations
are relatively small.

Figures 5a and 5b show the velocity and temperature profiles
in the entrance region for inlet Reynolds numbers of 1 X 10°
and 1 X 10° for the case of constant wall temperature of
400°C. The pseudocritical temperature at the given inlet pres-
sure of 24 MPa is about 382°C. For the given inlet temperature
of 375°C, large property variations across the tube radius are
expected. The profiles have similar characteristics to the con-
stant heat flux boundary condition. At Re = 1 X 107, the ve-
locity profile develops and the centerline velocity increases
very rapidly because of the density decrease by heat transfer.
But at Re = 1 X 10% the velocity profile develops like the
constant property case. For the temperature profiles, anoma-
lous behavior as seen for the velocity profile cannot be found.
The temperature gradient at the wall in the tube is larger for
the case of high Reynolds number (Re = 1 X 10%), so that the
heat flux from the wall is higher than for the low Reynolds
number case (Re = 1 X 10°). Figure Sc shows the density
profiles in the tube. It can be seen that the large density vari-
ation region moves faster toward the tube centerline for low
Reynolds number. Although there is a decrease in density with
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Fig. 6. For low Reynolds numbers (Re = 1 X 10> and Re = 2
X 10%), the friction factor first decreases near the entrance and
then, after some distance, increases along the tube. This in-
crease occurs because of the local momentum increase. Vis-
cosity at the wall decreases due to heat transfer, but the in-
crease in velocity gradient at the wall causes a net increase in
the friction factor. This increase continues until there is little
variation of properties, especially density, across the tube sec-
tion. For high Reynolds numbers (Re > 5 X 10, this effect
is rather small.

Figure 7 shows the heat transfer coefficients for various
Reynolds numbers. As mass flow rate increases, heat transfer -
coefficient increases even if there is large variation of prop-
erties inside the tube. The results show some differences com-
pared with the constant property solution and the differences
depend on Reynolds number. Far from the entrance region,
where flow is fully developed and there is little variation of
properties, the heat transfer coefficient should be independent
of Reynolds number in laminar flow. In the heat transfer co-
efficient calculation, the bulk fluid temperature is defined as

follows:
T, = J’ puC,T dA/f puC, dA 12)
A A

Equation (12) includes the effect of variation of properties
in the use of density and specific heat. Figure 8 shows the heat
transfer coefficient for various inlet temperatures. It can be

.2 ] seen that heat transfer coefficient characteristics depend on
} ] whether the inlet water temperature is below the pseudocritical
R temperature. When the inlet water temperature is lower than
0.8 [ ] the pseudocritical temperature such as T;, = 350 and 325°C,
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Q= Fig. 7 Heat transfer coefficient distributions along the tube for
015 various Reynolds numbers in the constant wall heat flux case.
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Fig. 6 Friction factor distributions along the tube in the constant
wall heat flux case.

heat transfer, the momentum flux increases along the tube be-
cause of the increase of velocity which results from the mass
conservation.

The friction factor is

f=87,/(putti) an

and its distribution is shown for various Reynolds numbers in
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Fig. 8 Heat transfer coefficient distributions along the tube for
various inlet water temperatures in the constant wall heat flux
case.
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distributions along the tube.

there is a peak in heat transfer coefficient distribution along
the tube. This happens when the bulk temperature of water is
close to the pseudocritical temperature. The peak in heat trans-
fer coefficient is because of the high specific heat value near
the pseudocritical temperature. High heat capacity increases
heat transfer by the convection mechanism. The heat transfer
coefficient decreases after the peak. Before T, reaches T, the
fluid has the characteristics of a liquid, and after T, passes T},
it has gas-like characteristics. Hence, the heat transfer coeffi-
cient is higher so long as T, remains lower than 7). after an
initial developing distance (z/D > 5). If the inlet water tem-
perature is higher than the pseudocritical temperature, there is
no severe variation of properties with temperature and the heat
transfer coefficient distribution is similar to the constant prop-
erty case.

Figure 9 shows the heat transfer coefficient for various inlet
pressures. The peak in heat transfer coefficient increases as the
pressure approaches to the critical pressure, again because of
the increase of maximum specific heat with pressure at the
pseudocritical point. The pseudocritical temperature depends
on the pressure, and as the pressure in the tube increases, the
pseudocritical temperature increases, and the axial position of
the peak is moved downstream.

Figure 10 shows the wall and bulk temperatures and the heat
transfer coefficient along the tube for a long tube (L = 100D).
Near the peak of the heat transfer coefficient, the bulk tem-
perature of water is lower than the pseudocritical temperature
and the wall temperature is a little higher. The rate of wall
temperature does not change much after the peak, but the bulk
temperature increases slowly near the pseudocritical tempera-
ture along the tube. This is again because of the transition from
the liquid-like phase to the gas-like phase of water with the
corresponding change of properties. Hence, the temperature
difference between the wall and the bulk increases and the heat

transfer coefficient decreases, even though there is acceleration
of water along the tube.

Conclusions

Numerical modeling is performed for laminar forced con-
vection heat transfer in a tube near the critical region of water,
accounting for all property variations such as density, specific
heat, viscosity, and conductivity. Using the results of numerical
modeling in this study, the following conclusions can be
drawn:

At low Reynolds number (=1 X 10%), when there is a pseu-
docritical temperature region inside the tube, there is accel-
eration of the water along the tube, and the centerline velocity
increases very rapidly compared with the fully developed ve-
locity profile in laminar flow. However, temperature profiles
show little anomalous behavior despite large property varia-
tions across the tube section.

The friction factor increases after some point in the devel-
oping region because of the momentum increase caused by the
density decrease with heat transfer. Heat transfer coefficients
depend on many parameters such as pressure, inlet water tem-
perature, and Reynolds number. When the bulk temperature
approaches the pseudocritical temperature, the heat transfer co-
efficient has a peak value. And as the pressure approaches the
critical pressure, the peak in heat transfer coefficient increases.
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