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RELATIVE INCREASE IN HEAT TRANSFER IN
VISCOUS-INERTIAL REGIMES OF FLOW OF
HELIUM AT SUPERCRITICAL PRESSURE IN
A HEATED PIPE

V. A. Bogachev, V. M. Eroshenko, UDC 536.24
and L. A. Yaskin

Results are presented from an experimental study of an increase in heat transfer to a turbulent
flow of supercritical helium in a pipe.

It follows from [1, 2] that, given sufficiently high heat fluxes on the wall, the heat-transfer rate in the
forced turbulent pipe flow of supercritical kelium can increase significantly in the case of heat exchange with
constant liquid properties. According to the correlations in [3, 4], based in the region Nu > Nu; on limited
data from [1], this effect is governed by the specific heat ratio Ep / Cpq. No special conditions have been ob-
served for a relative increase in heat transfer in the case of viscous-inertial regimes of flow of supercritical
helium., The present work is devoted to experimental investigation of this question.

The experiments were conducted on a crystal-type unit. High-pressure helium traveled from a ramp
through a reducer and a control valve into the liquid-nitrogen-filled cryostat. The helium was cooled in the
cryostat in two heat exchangers to about 80°K by reflux flow of the helium with the vapors of the boiling ni-
trogen. The helium was then sent to an adsorber with activated charcoal where it was cleaned and dried. It
then traveled along a cryogenic pipeline to a KG 60/300-1 cryostat with liquid helium. Here, it was first
gradually cooled to 8-15°K in the main heat exchanger by refluxing with the liquid helium. Then it was cooled
to 5-6°K in an intermediate heat exchanger by outgoing vapors from boiling helium. Finally, it was cooled
in a liquid heat exchanger to 4.2°K. The supercooled helium entered a vertical section located in a vacuum
chamber submerged in liquid helium. The reverse helium flow, after throttling and heating, was passed
through a metering section with a ring and then directed into a gas holder.

The working section was a stainless steel pipe 1.8 mm in diameter, 510 mm in length, and 0.1 mm in
wall thickness. It had a heated section 400 mm (222 diameters) long which preceded the 78-mm-long unhested
hydrodynamic stabilization section. The walls of the pipe were heated by the passage of a direct electrical
current through them from niobium stannide leads. The wall temperature was measured at 15 stations along
the working section with TSG-2 germanium resistance thermometers installed 25 mm (about 14 diameters)
apart in holders made of electrolytic copper. The holders were secured tightly against the heated pipe through
a lavsan film 10 pym thick. The mean-mass temperature of the helium at the inlet and outlet of the working
section was measured with similar thermometers installed in mixing chambers. The temperature of the outer
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surface of the pipe was determined from measurements of the wall temperature and heat flux and data on the
thermal conductivity of the stainless steel from [1]. The pressure was measured with a standard manometer
with 0.003~-MPa graduations.

The potential difference on the resistance thermometers was measured with an F-30 digital voltammeter,
while the current through the thermometers was determined from the voltage drop on a standard resistance.
In the absence of a thermal load, the measured wall temperatures were located in the range + 0.002°K relative
to the temperature of the helium at the inlet. When the pipe was heated, the heat balance agreed with an ac-~
curacy no worse than 5%. The reproducibility of the experimental data on the heat-transfer coefficient was
within the range £5%. In regimes with slight variation of the helium properties across the flow, heat transfer
was described to within about 10% by the equation of Petukhov and Kirillov [5], which served as proof of the
reliability of the experimental data obtained.

The experiments were conducted with a rising helium flow in the following parameter ranges: p = 0.23-
0.30 MPa, Tjy, = 4.21-4.24°K < Tm; G = 0.19-0.26 g/sec and q = 100-1850 W/m?. The local Reynolds numbers
ranged from 3.6:10* to 9.0-10%. The parameter Gr/Re® was < 10-2, which allowed us to classify the investiga-
ted heat-transfer regimes as viscous-inertial, i.e., without the effect of free convection [6]. We investigated
48 regimes altogether, corresponding to 720 empirical points.

The following was established regarding the stability of the heat-transfer regimes. As long as the local
temperature of the liquid within the heated section was below the pseudocritical value Ty, the readings of the
resistance thermometers and manometer were marked by their high stability. When the temperature Ty, was
first reached in the boundary layer of the liquid, at the pipe outlet, weak low—frequency wall-temperature fluc-~
tuations generally occurred. These fluctuations increased as the thermal load increased and the zone of the
temperature Ty, shifted away from the wall and upstream. Finally, when the mean-mass temperature of the
liquid at the outlet reached Ty,, the readings of the outlet thermometer and manometer — which sensed the
pressure at the inlet of the working section —began to undergo low-frequency oscillations. In such regimes,
the pseudocritical-temperature zone crossed the entire flow field, from the wall af the inlet to the core of the
flow at the outlet. A further increase in electrical power led to such strong oscillations of all of the measured
temperatures (except the inlet temperature) and pressure that measurements became impossibie.

The measurements were analyzed on an ES-1033 computer with a program for calculating the thermo-
physical properties of helium [7] using the data in [8]. The heat-transfer characteristic employed was the
ratio of the local Nusselt number to Nuy, calculated with the equation of Petukhov and Kirillov the case of cons-
tant liquid properties. The thermophysical properties in the Nu, Re, and Pr numbers were determined from
the mean-mass temperature of the helium in cross section.

Figure 1 shows typical curves of the change in relative heat transfer along the pipe with different heat
fluxes on the wall. It is apparent that at first an increase in ¢ leads to a monotonic increase in Nu/Nu, within
the entire heated part except for the thermal initial section (regime 2). A distinct maximum (regimes 3-5) in
the distribution of relative heat transfer appears beginning with a certain thermal load. This maximum is
located quite a bit downstream from the section where the wall temperature Ty is equal to the pseudocritical
temperature of the helium Ty, (this is designated in the figure by a downward arrow). It should be noted that
the difference between Ty and Tm in the section with maximum relative heat transfer may reach 0.2°K. The
maximum moves upstream with an increase in q, the value of the maximum changing little. Passing through
the maximum, the ratio Nu/Nu, begins to smoothly decrease and, at certain values of g, passes into the re-
gion of Nusselt numbers lower than Nu,. It finally reaches a minimum at Tg ~ Tm, after which the section
of increasing relative heat transfer (regime 5) begins again. The results obtained here show that the distribu-~
tion of Nu/Nu, along a pipe may be sinusoidal if the pipe is long enough and the temperature of the liquid at
the inlet is below T.
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Fig. 2. Relative increase in heat transfer in relation to
the specific heat ratio 6p/cpq: 1) p = 0.23 MPa; 2) 0.25;
3) 0.30 (our experiment); 4) [1], p = 0.25 MPa; a) Eq. (1);
b) Eq. (2).

Analysis of the experimental data shows that in the region Nu/Nug > 1 the distribution of relative heat
transfer along the pipe roughly follows the change in the ratio of specific heats &,/ Cpq» i.e., an initial in-
crease to a maximum and a subsequent decrease to unity. This fact can be explained by analyzing heat transfer
in the boundary region of the flow, where there is a fundamental change in the temperature of the liquid. If we
ignore the change in the total heat flux near the wall [9] and do not consider the contribution of the molecular
mechanism to the heat transfer, we obtain

i gy OT
Pr, v oy

q= g, =—WCp

In the investigated range of parameters with Nu/Nu, > 1, the change in absoluie viscosity i across the flow

is slight compared to the change in specific heat cp, while the flow was not sufficiently isothermal (pq/ Pw <
3, p=1+ BTy —Tg) <2, Ty /Tq < 1.1) to have an appreciable effect on the distribution of the dimension-~
less coefficient of turbulent transport £y,/v. We then find from the above expression for heat flux that, in

this case, an increase in cp near the wall should lead to a reduction in the temperature gradient in the bound-
ary layer, i.e., to a decrease in wall temperature and an increase in heat transfer relative to quasiisothermal
conditions at the level Tg. We took Ep = (hy — hq)/ (Tw — Tq) as the expression for the mean specific heatofthe .
liquid layer, which determines the heat transfer. It should be noted that the maximum of the dimensionless
parameter cp/cpq is located between the sections with Ty = Ty and the maximum ratio Nu/Nu, (this location
is denoted in Fig. 1 by an upward arrow).

The above provides a basis for representing data on heat transfer in the region Nu/Nu; > 1 in the form
of a dependence on the ratio of the specific heats Ep/ cpg. Such a generalization was first made for super-
critical liquids (CO; and H,0) by Protopopov [10], who obtained the equation

Nu/Nu, = (ep/ep, )+ (1)

In a similar correlation for helium [4], the exponent was equal to 0.28. A single-valued relation is obtained
between the ratio Nu/Nugy and the parameter 8p/cpq at low Ty/Tq < 1.1 with the following equation for super-
critical helium from [3], which in the present case can be represented by an asymptotic expression

Nu/Nuy = 2/(1 + ®pq /Ep). ()
It must be kept in mind that the value of Nu, in the equations in [3, 4] was calculated from the Dittus —Bolter

relation.

Figure 2 shows all of the data we obtained for Nu/Nu, > 1, as well as the experimental results from [1].
It can be seen that all of the experimental points are grouped arcund curves described by Egs. (1) and (2). The
scatter of the data relative to Eq. (1) is +20%. We also found that the equation in [4] is sufficiently accurate.

The heat-transfer regimes investigated with Nu > Nu; should be interpreted as ™normal" [9] rather than
"improved, " since the heat-transfer coefficient and wall temperature in the regimes changed monotonically
along the pipe, and the pattern of change in Nu/ Nuy can be explained on the basis of common representations
of the heat-transfer mechanism in turbulent flows.
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The results of the completed study allow us to conclude that, with values Ep/ Cpg > 1, heat transfer in

viscous-inertial regimes of supercritical helium flow can be calculated either from the equations recommen-
ded in [4] or from the equation (1) of V. S. Protopopov.

NOTATION

T, temperature; p, pressure; G, flow rate; q, heat flux; p, density; h, enthalpy; Cps specific heat at

constant pressure; 8, coefficient of cubical expansion; ¢, absolute viscosity; v, kinematic viscosity; d,
diameter; Nu, Nusselt number; Pr, Prandtl number; Re, Reynolds number; Gr = g8d*(1 — pc/pz) /Vlz, Gra-
shof number. Indices: w, wall; q, liquid, mean-mass value; 0, constant properties; t, turbulent; m, pseudo-
critical value; in, inlet.
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