|

———
—

szl

I

[ —
——
—_—
—_—

K4l

I
l
i
Il
I

S
=_—
1

91

J—

——
———
—
———

o ——

g8l

———
———
—
————
—

0t

|

i‘%’\‘ﬂﬂ

7T
gz

Ol

057
2l







SAND 93-1588 Distribution
Unlimited Release Category UC-404
August 1993

Flow and Heat Transfer Model for a

Rotating Cryogenic Motor

R. C. Dykhuizen and R. G. Baca, 1613 and T. C. Bickel, 6213
Energy and Environment Division
Sandia National Laboratories
Albuquerque, New Mexico 87185

Abstract

Development of a high-temperature, superconducting, synchronous motor for large applications
(>1000 HP) could offer significant electrical power savings for industrial users. Presently 60% of all
electric power generated in the United States is converted by electric motors. A large part of this
power is utilized by motors 1000 HP or larger. The use of high-temperature superconducting
materials with critical temperatures above that of liquid nitrogen (77 K) in the field winding would
reduce the losses in these motors significantly, and therefore, would have a definite impact on the
electrical power usage in the U.S. These motors will be 1/3 to 1/2 the size of conventional motors of
similar power and, thus, offer potential savings in materials and floor space.

The cooling of the superconducting materials in the field windings of the rotor presents a unique
application of cryogenic engineering. The rotational velocity results in significant radial pressure
gradients that affect the flow distribution of the cryogen. The internal pressure fields can result in
significant nonuniformities in the two-phase flow of the coolant. Due to the variable speed design, the
flow distribution has the potential to change during operation.

A multiphase-flow computer model of the cryogenic cooling is developed to calculate the boiling heat
transfer and phase distribution of the nitrogen coolant in the motor. The model accounts for unequal
phase velocities and nonuniform cooling requirements of the rotor. The unequal radial pressure
gradients in the inlet and outlet headers result in a larger driving force for flow in the outer cooling
channels. The effect of this must be accounted for in the design of the motor Continuing
improvements of the model will allow the investigation of the transient thermal issues associated

with localized quenching of the superconducting components of the motor.
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1. Introduction

Sandia National Laboratories is developing a thermal analysis of the cryogenic cooling of a high-tem-
perature superconducting (HTS) motor. The Reliance Electric design, a 5000 hp synchronous motor
with copper armature windings and HTS field windings is being developed under contract with the
Electric Power Research Institute. Development of such a motor could offer significant electrical power
savings for industrial users, and material cost savings to the manufacturers. As HTS materials and
the Reliance Electric design have evolved, the heat load distribution within the motor has changed
from electrical losses that typically must be removed from traditional motor designs to thermal heat
leaks into the proposed HTS cryogenic motor design. The majority of the thermal load is expected to
result from thermal conduction along the torque tube from the ambient environment to the liquid-ni-
trogen temperature (77 K) field windings. This results in very localized heat sources. Anisotropic in-
ternal conduction distributes the heat load non-uniformly throughout the rotor.

The cooling of the superconducting field winding of the rotor presents a unique application of cryogenic
engineering. The rotational velocity of thie rotor (design operating range of 1800-3600 rpm) results in
significant radial pressure gradients that strongly affect the two-phase flow distribution of the cryo-
gen. A multiphase-flow computer model of the cryogenic cooling system is being developed to predict
the boiling heat transfer and phase distribution of the cryogen in the rotor. The model accounts for un-
equal phase velocities and nonuniform cooling requirements within the rotor.

2. Rotor Geometry

Figure 1 shows a simplified cross-section view of the 5000 hp rotor assembly. Cryogen enters the rotor
through a transfer coupling and flows axially through a hollow shaft. The cryogen (sub-cooled liquid
nitrogen in this case) enters the transfer counling at a given pressure. Pressure drop from the transfer
coupling to the rotor inle! header is igncred, however, the cryogen’s energy content increases due to
heat leaks in the transport piping. Cryogen enters the inlet header on the torque-output side of the mo-
tor. The inlet header feeds axial channels that cool the rotor rotating at a synchronous speed between
1800 and 3600 rpm. The nitrogen flows through these channels, cools the rotor, and exits via a common
outlet header.

Due to the rotational acceleration, the fluid pressure increases with radius in each of the headers.
Since the fluid density will not be equal in the two headers (due to the heating of thie fluid as it passes
through the rotor), the rates of increase with radius are not equal. This results 1n a nonuniform cryogen
flow distribution in the axial channels of the rotor. Thus, it is important to model the various heat leak
terms, and the electrical power losses, to determine fluid densities as a function of radial position in
the two headers. Small density differences cause the rotor to be self pumping; Flow will occur even if
no pressure drop across the rotor is imposed.

A number of basic concerns were identified by examining the unique flow geometry of Figure 1:

 The high acceleration fields might affect the flow regimes in the axial channels. This will
affect the heat transfer coefficient and the pressure drop/flow relation. At this point,
models that account for the effect of the acceleration field on the axial flow channels have
not been developed. Due to the large pressures generated by the rotational motion, boil-
ing only occurs in the central channels,
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Figure 1. Simplified geometry of the cryogenic rotor for a 5000-hp synchronous motor. Liquid nitro-
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gen enters on the right. passes through the rotor center, is distributed radially in the inlet
header, then flows axially back through the field winding. Liquid and vapor nitrogen are

collected in the outlet header and exhausted.

* Conservation of angular momentum requires that the fluid rotating in the outlet header
increase its rotational velocity as it 1s drawn towards the outlet. This results in a very
complex flow since wall shear forces will tend to retard this acceleration. We currently
model the flow assuming radial vanes are placed in both headers to force the fluid to ro-
tate with the header walls at a fixed angular velocity The vanes will result in a retarding
torque on the motor at the inlet, but it will be partially balanced by an assisting torque
at the outlet header. These vanes force the flow to become more amenable to modeling
(since the tangential velocity is fixed by the vanes); thus the model will become more use-
ful to guide prototype designs Eckman layer flows (Greenspan, 1968) that would exist in
this steady rotating geometry are also eliminated by the radial vanes.

* The pressure history at a point in the headers will vary periodically due to the rotation
of the rotor. Assuming that the motor axis is horizontal, lower pressures will be experi-
enced at positions above the inlet (due to a gravitational head), and the opposite will be
true for positions below the inlet The following equation can be used to estimate the local
pressure as a function of time, ¢, for a point at radius, r. in the inlet header (assuming
negligible friction):

Doy
P
Y (r = P e 4 Irs1Y
]((I./) = Iwm+ 5 +[>f;,rsm(m[). (1)
If a ratio is made of the time-varving portion of the local pressure (Fquation (1) to the
average local pressure, it is found that this ratio reaches a maximum at:
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For a 3600 rpm operating point, this maximum occurs at r = 0.042 m. At this point the
contribution of the time-varying term of Equation (1) is only 0.2% of the mean pressure.
For this reason, and because boiling systems are inherently noisy, the time-varying con-
tribution to the pressure head was not included.

* Finally, the rotor consists of a number of parallel boiling channels between common
headers. This situation is conducive to boiling flow instabilities (Bergles, 1981; Miropol-
sky and Soziev, 1990). A density wave instability causes the flow rate in a particular ax-
ial channel to oscillate. However, the thermal powers, and thus the exit qualities are very
low in the central channels where boiling is possible. Therefore, these classic instabilities
are unlikely.

3. Model Formulation

A model of the flow through the rotor is presented here. The five ordinary differential equations pre-
sented as the basis of the model describe the radial changes in the headers. The axial flow of cryogen
through the rotor is introduced via constitutive relations. The following variables are chosen as the
state variables of the system (Note a nomenclature section at the end of this report defines all variables
used.):

P, the inlet header pressure

P, the outlet header pressure

F the radial mass flow rate in the headers (this will be the same function for both)
h, the inlet manifold enthalpy

h, the outlet manifold enthalpy

All of the five state variables above are a function of the radial coordinate. Boundary conditions or en-
ergy balances will fix all of the state variables at the inner radius of each header. Defining initial val-
ues for the state variables at the inner radius allows the integration of the state equations as an initial
value problem. Unfortunately, it is not possible to define an initial condition for all of the state vari-
ables. The problem is over-specified if the two pressures and the flow are imposed. Therefore a shooting
method is derived for the flow rate. In presenting the equations, it will be assumed that all five state
variables are known at the inner radius. The flow rate is updated after each iteration based on the so-
lutions obtained from the previous iteration. During each iteration the temperature field is also updat-
ed. The changing temperature field also affects the flow distribution within the rotor.

The five governing differential equations are introduced here. The first two represent mixture momen-
tum equations in the two headers. In deriving these equations it is assumed that the frictional pressure
drop is negligible due to the low radial velocity through the headers:

dP.
(—i—rl = pimzr 3)
dpP
- = p w0, )



Note that the inlet and outlet header densities (p, and p ) in the above two equations are a function of

the local state variables (P and k). The exit header contains two-phase regions. Therefore, the densi-
ues are also dependent upwii the slip velocity between the phases. A model is later introduced to deter- -
mine the mixture density in the headers.

The axial channels in the rotor are distributed in a rectangular grid around the HT'S matenal regions
in the proposed Reliance Electric design. However, the model developed here is axisymmetric for eaze
of solution. Therefore, the location of the axial channels are assumed to be grouped in a number of setg,
each at a constant radius. For the results presented here, each radial group of channels is one centi-
meter apart. The radial mass flow in the headers decreases incrementally as the radiai coordinate in-
creases past the location of the axial channels. At these locations the enthalpy of the header and the
radial flow rate changes in a discontinuous fashion. The pressure level continues to change continu-
ously as the channel locations are passed. Therefore, the state equations are integrated between the
axial channel radial locations, and then the flow rate and enthalpy of the flows are adjusted to account
for the flow through the channels. The governing equation for the radial flow in the headers is:

dF .
a_r_ =0 (6)

The final two differential equations can bhe derived from energy balances for the flow in the two head-
ers:

dh, o . 2nrq"; i

— = QAT+ ———— (6)
and dr F

ah,_ wzrwzn‘fqno (7)

dr P

The variables ¢", and ¢", represent the axial heat leak fluxes into the inlet and outlet headers respec-
tively,

Discontinuous changes at tae radial locations of axial channels

As the radial location of the axial channels are reached, the integration of the above equations are
stopped, and the radial flow rate is reduced by the flow passed through the axial channels. Energy bal-
ances are also used to determine changes in the enthalpy of the radial flows. The pressure remains con-
tinuous at these radial locations. The following mass and energy balances are used.

Fir+ )=F@r- )-Nr)w(r) (8)

Fr=)h(r-=)=-Nrw(r)h,(r)

hilre ) = Fr=)=Nmwr ®)
F(r- Yh (r—= )=-Nryw(r)h,(r)

holr+ ) = i NG (10)

Here A&, is the enthalpy of the flow that enters the axial channels from the inlet header, A, is the local

axial channel exit enthalpy. N is the number of axial channels at this particular radius and w is the
axial channel flow rate. The enthalpy of the fluid that enters the axial channels is assumed to be equal
to the enthalpy of the inlet header, so Equation 9 predicts no discontinuity in the inlet header enthalpy.




4. Boundary Conditions

The two header pressures are two of the five boundary conditions required by the model. The others
are the cryogen flow rate, the inlet enthalpy and the outlet enthalpy.

It is assumed that cryogen leaves from the bottom of the storage tank at a given pressure and subcool-
ing. Changes in the pressure level as the nitrogen is transported to the motor inlet header are ignored.
However, due to heat leaks in the transport piping, its energy content is increased. The inlet enthalpy
boundary condition is determined from the following energy balance:

Q
h(r)) =F(:)1)+h° (11)

where:
h.(ry) is the inlet header enthalpy evaluated at the inside radius of the header
h, is the enthalpy of nitrogen as it leaves the storage tank
F(ry) is the radial flow in the headers at the inside radius of the header

(note that the flow evaluated at the inside radius of the header is the total flow through the

motor.)
Qp is the heat leak into the inlet piping

The following overall energy balance is used to fix the fluid enthalpy as it exits the exit header:

h,(r,) = F_(Qr_’]_).mi(rl) (12)

where @, is the total power absorbed by the cryogen as it passes through the motor.

The cryogen flow rate is not known, however an iteration procedure is implemented (see Section 6) to
determine the flow rate consistent with the boundary pressures specified.

5. Constitutive Relations

A number of constitutive relations are required to obtain a solution to the differential equation set pre-
sented above.

Outlet and inlet header slip models

The model used to describe the slip between the phases in the outlet header is presented here. This
model determines the local void fraction (a) and the outlet header density for use in the outlet header
momentum equation. This model can also be used for the inlet header, but as will be seen, a simpler
model is sufficient there. The mixture density (p ) and a mixture velocity (u,) for the outlet header

are defined as:
p, = apg+ (1—a)pf (13)

and
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where b is the axial thickness of the header region. The mixture velocity is artificial but allows for a
more physical understanding of the model. The mixture velocity is used to introduce the local phase
velocities (u,, and u,,) via the following relation:

Polty = AP Uy + (1-a) PrLof (15)

In a similar manner, the outlet header enthalpy can be related to the local phase velocities:
pouoho = apguoghg+ (1-a) pfua,hf (16)

The above four equations (13 through 16) cannot be solved at this point since they include five un-
knowns (u ,p , a, Uy and u,,). The pressure (and, therefore, the saturated fluid properties), the outlet

enthalpy, and the radial flow rate are assumed to be known from the solution of the governing differ-
ential equations.

To close the problem, a steady-state gas-phase momentum equation is introduced:

dP

(o]

2 _— -
) = oLdr

+apgw2r—I+W an

The term on the left hand side of the above momentum balance is the radial acceleration term. In low
quality and low pressure systems this term is negligible when compared to the other terms. The first
term o the right hand side of Equation (17) can be determined from the mixture momentum equation
(Equation 4). The second term on the right-hand side of Equation (17) is the centripetal acceleration of
the gas-phase. The last two terms on the right-hand side of Equation \17) represent the interfacial drag
between the liquid and the gas-phases and the wall drag. The wall drag term is ignored, which is con-
sistent with ignoring it in the header mixture momentum equations (Equations 3 and 4). The interfa-
cial drag term can be written as a function of the relative velocity between the phases. We assume that
the gas-phase exists as bubbles with diameters (D,) on the order of the axial channel size. The follow-

ing relation was derived by Rivard and Torrey (1975):

3 24v \r a
I= Zpo[Cdluog-*qu + ’ﬁ;J[T)—; (Upg ~ uof“)]‘ 18)

The following functional form for the drag coefficient of a spherical bubble is used (Bird, et al., 1966).
This is based on the bubble Reynolds number (Rey,):

(ug—ugp
C, =044  for Re, = —° uf 28, 500 19)
f

Cy= —25_ for  19<Re, <500 @0)
(Reb) '

Cy= 24 for 0.1 <Rey<1.9 (21)
Reb

C, =240  for  Rey<0.1 (22)
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By solving Equations 13 through 18 simultaneously at each radial location, the local void fraction (and
thus density) can be found. This is then used in the outlet momentum equation to establish the radial
pressure gradient. Small void fractions are obtained since the large centripetal acceleration results in
large vapor velocities toward the central exit relative to the liquid velocity.

A completely analogous method was tried for the inlet header. However, in the inlet header, vapor is
produced at small radii (due to local boiling and vapor supplied via the inlet line), and cannot leave
except through the axial channels. The liquid portion of the incoming flow is strongly accelerated to-
wards the outer radii, leaving the vapor behind. Thus, a droplet flow regime is expected. Therefore,
Equation (18) is replaced by a droplet correlation for the interfacial drag. The code predicted void frac-
tions for the inlet header at simall radii to be very close to one (>0.999), which made the local density
very close to the vapor density. Therefore, in this region, the inlet header radial pressure gradient was
small (when compared to the gradient in the exit header).

The slip model for the inlet header showed that the void fraction changed quickly to zero at larger radii
where the quality becomes negative (here the definition of quality is x; = (h, - h/‘) /(h o —hp). The ex-
tra accuracy obtained by including a slip model for the inlet header came at a large computational cost
of determining the inlet void fraction, and the model results were not sensitive to the resulting small
changes in the inlet header density. Thus, a simpler model is introduced that produces calculational
results indistinguishable from the more complex model. The inlet void fraction is set to 0.9999 while
the quality of the flow was greater than zero, and to zero when the flow becomes subcooled (or the qual-
ity becomes negative). At the lower radii, where the void fraction is high, the inlet conditions for the
axial channels is assumed to be saturated vapor. After the inlet quality becomes negative (which hap-
pens relatively fast due to the loss of vapor via the axial channels), the axial channels are fed with the
liquid in the inlet header. Thig model for the channel inlet enthalpy seems very reasonable. The liquid
experiences the large radial velocities, and makes up such a small fraction of the volume, it is unlikely
that much will turn 90 degrees and enter an axia: channel at the lower radii.

Axial channel flow constitutive model

The flow rate, w, through a channel is obtained by searching for a match between the total pressure
logs through the channel and the imposed pressure drop. This search is complicated by the fact that
Ledinegg instabilities (Bergles, 1981) may exist, and therefore, more than one match is possible. The
code attempts to determine all three solutions when they exist. The results presented later include in-
let orifices that have a orifice coefficient (K) of 10. These orifices can be sized to remove the possibility
of Ledinegg instabilities for channels that experience boiling flow (near the center) and to limit the flow
of eryogen in regions of low heat load or high driving pressure differential.

The pressure drop across a single channel is divided into four terms. These are the orifice pressure
drop, the single-phase region frictional pressure drop, the two-phase region frictional pressure drop,
and the acceleration pressure drop. The equations used for each are presented below:
d 2
, K(w/A)
Al = - (23)

entrance P
¢

5

(24)

11




L2fy (/A T
AP% = j “_,.,.mﬁ?);.wm (1 + xcufgpf) (1 +x, (.._'_ll;.“..-n ds (Z29)
hol !
APacceleration = (w/A)szUfg' (26)

The frictional pressure drop model in the two-phase region is the one presented by Collier (1981). It
has an identical formn to the frictional pressure drop in the single-phase region but includes an addi-
tional term (often called a two-phase multiplier) to account for the increased velocity and turbulence
in the two-phase region, This model is recommended for low-quality flows, like this application. A num-
ber of different models were tried for the two-phase frictional pressure drop before the Collier maodel
was chosen. The calculated flow varied by an order of magnitude between the lowest and the highest
predicted values. This points out the necessity of an experimental program to help define the flow rates
in this particular application. Most of the correlations for the various models were developed for steany
water or air/water flows in 1-g fields. The present application is significantly different since the large
acceleration field may result in more stratification of the flow. In the numerical representation of the
rotor, the axial channels are divided into 20 elements to enable the approximation of the integral in
Equation (26). The enthalpy changes of the fluid as it travels axially is also determined on the same
grid. The pressure and enthalpy are used to determine the cell temperature, and the exiting enthalpy
is used in the exit header eneryy balance.

Internal Conduction within the rotor.

The rotor is divided into elements radially and axially. The radial divisions correspond to the radial
locations of the axial channels. The axial divisions correspond to the axial divisions uzed in caleulating
the channel flow in the previous section. The energy equation for each element includes convection to
the eryogen, conduction to neigh’ . ring elements, and a heat-source term to represent electrical rosis-
tance. Currently, it is helieved that the electrical resistance will result in less than 5 Watts of thermal
power.

Due to the layered construction of the rotor, the conductivity of the rotor is anisotropic. To approximate
this, different conductivity values are assigned for the radial and axial dircetions. Also, the conductiv-
ity of the combined torque tube and flux-shield region is different than the coil region.

Figure 2 shows tne geometry assumed by the model. Note that the nodes at the largest radii represent
the torque-tube and flux shield. They do not have any cryogen channels. These nodes also include the

torque tube heat leaks (80 Watts cach) and the radial heat leaks (10 W/m?). The steady state energy
balance equation for each node is given below:

0 = »‘-u(?i+1 +1 - 21

W t-1. )+(Kr+ (7 T, )t (r '~-1‘sz1))—

il Tty r- L)
*Tm)+ﬁ4+ha (27)

1)
m (1 out
The first term accounts for conduetion in the axial direction, and the next two account for conduction
in the radial direction. The fourth term accounts for convection of heat away by the cryogen. The last
two terms account for thermal energy generated within the node and the leakage of heat into the node.
The leakage term is used to enable modeling of thermal heat leak from the torque tube.

In the outer nodes, which represent the torque tube and flux shield, the axial conduction coefficient is




Radiation Energy Gain: 10 W/m?
Torque Tube - Flux Shield Distributed
hermal heat leak Energy
80 W each ~——1 Source
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- i
Central Liquid Nitrogen Flow Path e | -
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Figure 2. Nodalization of the rotor for thermal conduction. Note that the torque-tube/flux-shield

nodes (shaded) include heat leaks and do not have any convective cooling.

set to 480 W/m-K to account for axial conduction through the copper flux shield. The radial conduction
coefficient is set to 7 W/m-K to account for radial conduction throngh the stainless-steel torque tube.

Conductivity values inside the rotor are more difficult to estimate due to the layered construction. The
layers are not axially symmetric, so some approximation is required. The next section summarizes our
efforts in determining the conductivities that best simulate the internal conduction of heat inside of
the torque tube.

It is assumed that the temperature in the model represents both the eryogen temperature and the solid
temperature. (There will be a small difference between the solid and eryogen temperatures, and the
sign of the difference will depend upon the heat transfer direction.) As will be seen, some nodes gain
heat from the cryogen coolant.

Effective conductivity of rotor HTS region
The material properties used in this analysis are listed in Table 1. The stainless steel and silver ther-
mal conductivities were taken from the Department 1513 thermal property material database and the

encapsulation properties were supplied by Reliance Electric. The varnish is assuined to have the same
thermal conductivity as the encapsulation.
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Figure 8. Radial Cross-sectional view of HTS motor showing racetrack coils and cryogen channels

(not to scale).

Table 1: HTS Motor Thermal Properties

Thermal Conductivity

Material Temperature (K) (W/m-KD

Silver 295 396
Stainless Steel 304 73 6.9

Stainless Steel 304 173 109
Stainless Steel 304 273 134
Stainless Steel 304 373 16.3
Rigid Encapsulation 295 0.346
HTS Wire 295 26

Coil Matrix, x-direction 295 5.2

Coil Matrix, y-direction 295 6.25

Each racetrack coil consists of a rectangular tape (or wire) wound in an oval, racetrack fashion. The
tape section is constructed of a central rectangular superconductor wire surrounded by silver. There is
a 5 mil varnish coating between tapes. The oval tapes are stacked in four layers with each layer sepa-
rated by a 10 mil thickness of varnish. Each stack of tapes is encapsulated with an insulating material
to form a racetrack coil. Figure 3 schematically shows how the racetrack coils are placed within the
rotor. The cooling channels are machined into the epoxy surface layver of the racetrack coil every 1.5

14




cm. The cooling channel is formed by stacking the racetrack coils. Several modules are assembled to
forin the rotor of the HTS motor.

First we estimated the effective thermal conductivity of an individual HTS tape surrounded by the in-
sulating varnish layers. This is the basic unit of the racetrack coil. Each racetrack coil (shown in Figure
3) is 4 tapes high and many tapes wide. Horizontal (x-direction) and vertical (y-direction) thermal re-
sistors of each material component in the tape cross-section were combined to compute the effective
thermal resistance in the x- and y-directions, and these are presented at the bottom of Table 1. The
thermal resistances created by the insulating varnish dominated the calculation.

The above results allows simulation of the heat flow on a scale of the racetrack coils. Heat will more
easily flow through the silver <lad coils and the intervening varnish layers than through the encapsu-
lating epoxy (between the racetrack coils). However, the global model developed in this report requires
a single radial conductivity for the region inside of the torque tube. At some locations (Figure 3), the
plane of the racetrack coils lines up with the radial direction, however, at other locations it does not.
Thus, a two-dimensional axisymmetric model cannot yield detailed thermal results. A conductivity of
5 W/m-K is used in the radial direction to approximate the radial heat transfer within the rotor. This
is representative of the conductivity of the racetrack coil.

The superconductors form long loops through the rotor. Except near the ends, they run axially. Since
the superconductors are surrounded with silver, the tapes form low-resistance paths for axial conduc-
tion of heat. The axial thermal conductivity in the rotor is set to 2456 W/m-K. This represents approxi-
mately 65 percent of silver conductivity (or the volume fraction of silver). The axial value is significant-
ly higher than the radial since the heat does not have to travel through any insulating varnish layers
in the axial direction.

Cryogen properties

An equation of state is now needed to enable a solution. A detailed correlation for nitrogen properties
was obtained from the Center for Applied Thermodynamic Studies at the University of Idaho, Moscow,
Idaho. This was found to be accurate to within 0.1 percent of experimental data. It was provided in For-
tran and was incorporated with the above equation set.

6. Solution Technique

To start the procedure, the exit pressure, P, (r,), is assumed. With the initial conditions for all of the
state variables either given, calculated, or assumed, the equation set is integrated towards the radial
location of the outer most axial channels. The equation set becomes singular at the maximum radius
(where the radial flow in the headers goes to zero). However, at the radius equal to the location of the
last axial channels the integration is stopped. The updated axial channel flow rates are summed to ob-
tain a new total flow rate for the next iteration.

To solve the axial flow equations coupled with the conduction equations, an iterative technique was
developed. Initially the temperature and flow distribution within the rotor is guessed. The actual val-
ues of the guess are not of great concern, however, guessing flows through the axial channels that are
higher than expected seems to enable more rapid convergence than lower flows. The previous temper-
ature solution is used to generate conduction fluxes between nodes. The conduction fluxes are then
added to the source term (in Equation 27), to calculate thermal loads for the next iteration. The axial
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flow rates, temperature distribution, and the thermal fluxes are updated in eacli iteration in an under-
relaxed manner. Under-relaxation was found to enable an orderly progressiciu towards the steady state
solution and reduced cormtational time Infact, without under-relaxatio:, some conditions would not
yield a converged solution.

During a single iteration, the old flow rate for each axial channel group (at a prescribed radius) is used
along with the current inlet header pressure in the axial channel flow and heat removal constitutive
relations (Equations 23 through 27). As the equations are integrated across the rotor, a new tempera-
ture field is predicted. However, with the under-relaxation, the new temperature for each node in suc-
cession (from inlet header to outlet header) is obtained from the following formula:

T = 5 97+ (1 —5)) T2 (28)

where s, is the under-relaxation parameter (between zero and one) for the temperature, and 7%"" is
the temperature that would be predicted by the conservation equations given the old value of the heat
flux into the node. ’I?j" and the local pressure is now used to define the fluid state entering the next
axial node (i,j+1) and the process is repeated. When the outlet header is reached, the fluid pressure
(P,) and enthalpy exiting the channel is obtained. The flow rate is then updated (for use in the next
iteration) by the following formula:

P.-P
w = souf" fpi:-_—?-?- + (1 ~32)w?ld (29)
l 4

As the flow approaches its correct value, the square root term in the above equation becomes unity, and
the flow rate converges.

Finally, after the iteration is completed, the thermal conduction fluxes are calculated for each of the
nodes using the updated temperature distribution. These fluxes are also under-relaxed:
ne ld
9.5 = s3al i+ (1=s9) g} (30)

These under-relaxed relations simulate inertia. The under-relaxation of the temperature simulates the
inertia of the thermal mass of the rotor in a transient and the under-relaxation of the flow equation
simulates the momentum of the flow. However, there is no physical analogy for the under-relaxation
of the heat flux terms. However, this has proved necessary to obtain converged solutions. This simula-
tion of inertia is why such solution schemes are called false transients.

The individual under-relaxation parameters may be individually specified. No effort has been made to
make them consistent with their physical inertial analogies.

7. Model Results

Model results are presented in the following figures. Figure 4 shows the conductor power density with-
in the rotor. It is assumed that the superconducting wire provides a loss of 5 watts, and this loss is dis-
tributed within the rotor in proportion to the local wire density. In future versions of this model it is
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hoped to include local temperature and magnetic field effects on the resistance of the wire to enable a
more accurate distribution of the electrical losses. However the electrical losses are small when com-
pared to the thermal heat leaks. The rotational velocity of the rotor was chosen to be 3600 rpm, but
some results for 1800 rpm are presented for comparison. Table 2 summarizes the various heat leaks
assumed in the simulation presented here. The heat leak values are based on calculations performed
by Reliance Electric. The outlet header heat leak is significantly greater than the inlet header due to
the existence of the electrical leads in the outlet header.
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Figure 4. Thermal gain of superconducting wire (IR losses) within the rotor as a function of radius

and length.
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Table 2: Thermal Source Terms

Heat Leak Watts
I°R gain 5
Radiation 14
(radial gap)
Conduction 35
(Inlet header)
Conduction 17.5
(Outlet header)
Conduction 30
(Feed tube)
Conduction 160
(Torque tube)

TOTAL 230

Table 3 presents the location of the axial cooling channels used to model the rotor. The number of chan-
nels at each radii is obtained from preliminary design drawings provided by Reliance Electric. Note
that at the higher radii, more channels are required to maintain a constant channel density. The size
of the channels is reduced at the higher radii where the pressure drop across the channels becomes
larger.

Table 4 presents the boundary conditions used for the example calculation presented here.
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Table 3: Axial Channel Density and Size Variation

Set Rafii'al Number Chaqnel Cross-
Number Position of Sectx_onalerea
(mm) Channels (mm?)

1 - | -BT 4 1

2 40 8 1

3 50 8 1

4 60 16 1

5 70 16 1

6 80 16 1

7 90 24 0.5

8 100 20 0.5

9 110 24 0.5

10 120 28 0.5

11 130 28 0.5

12 140 32 0.5

13 150 32 0.25

14 160 32 0.25

15 170 40 0.25

16 180 44 0.25

17 190 84 0.25

Table 4: Boundary Conditions

Inlet Pressure 1.15 atm.
Outlet Pressure 1.10 atm.
Inlet Quality -0.01
Total Electrical Losses 5W
Axial channel entrance K 10




The total flow rate of nitrogen through the motor was found to be 0.096 kg/s. The rotatio.ial motion of
the rotor will induce a flow rate even if no overall pressure drop is imposed. This is because the density
of the fluid in the outlet header will always be less then the density of the fluid in the inlet header. The
minimun flow rate for this thermal power distribution and 3600 rpm was found to be approximately
0.085 Kg/s. Figure b shows the pressure variation in the two headers. On this scale, the inlet header
and outlet header pressure variations seam identical. However, due to slightly larger fluid densities in
the inlet header, the increases in the inlet header are somewhat larger. Therefore, there is an increase,
with radial location, in the pressure differential between the headers. This results in the self pumping
nature of the rotor. To maintain more uniform flow, axial channels are 1ade smaller at larger radii.

KT S S S s A S B S S B
| | === inlet header l
SELLLLT outlet header
+ w1 00%AP
e 4
g =04 .
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Figure 5. Radial pressure distribution in the inlet and outlet headers at 3600 rpm. 100 times the
pressure difference between the inlet and outlet header is also plotted. The differential
pressure increases over the radius of the rotor.

Figure 6 shows how changing the rotational speed of the rotor can strongly change the pressure profiles
in the rotor. At 1800 rpm, the centripetal acceleration is less, and therefore, the pressure gradients are
also less. The lower pressure levels results in two significant changes in the cryogenic flow within the
rotor. First, the lower pressure at 1800 rpm results in more boiling of the liquid nitrogen. The two
phase region extends out to a larger radii. Second, the lower radial pressure gradient results in lower
differences between the inlet and outlet header pressures. This results in a lower self pumping effect.
At 1800 rpm, the total nitrogen flow reduces to 0.075 kg/sec.

From Figures 5 and 6 it is easily seen how boiling of the liquid nitrogen is suppressed at the outer ra-

dius of the rotor. The saturated nitrogen temperature at the outer radius is 117 K at 3600 rpm and 107
K at 1800 rpm.
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Figure 6. Comparison of radial pressure distributions and the difference between the inlet and out-
let header pressures for 3600 and 1800 rpm.

Figure 7 shows the variation in the radial flow in the headers with radius. The plot starts with the total
cryogen flow rate, and decreases as the radial locations of the axial channel groups are passed. The
decreases become larger at larger -adii where the flow per channel and the number of channels is larg-
er. Figure 7 also shows the axial channel flow as a function of radial position. The axial channel flow
tends to increase with radial position due to the increase in the difference between the two header pres-
sures (Figure 5 or 6). However, at 0.08 and 0.14 meters, the axial channel cross-sectional area is re-
duced (Table 3) in order to maintain a more uniform flow distribution within the rotor.

Figure 8 shows the variation in the quality of various flows (quality is defined here as
x = (h=hp)/(h,- hy) ). Due to the rapid increase in pressure, and the low power dissipation of the
superconductors, positive channel exit qualities cannot be maintained. The exit header quality be-
comes negative (at a radial position of 16 mm). Note that the quality of the channel exit flow matches
the quality of the outlet header at the radius associated with the last axial channel, The return flow in
the exit header is fed by the axial channels. At the radial location of the last axial channel group, the
axial flow is fed by the outer channels, and the energy (or quality) of the two flows are equal. This
equality is not enforced by the numerical model during the convergence procedure. However, after the
convergence has been achieved, the two qualities should be equal. This performs a check on the numer-
ical representation of the rotor.

22



L e *
[
‘ :
80+
C 1
4 4
g 6o+ :
3 L ]
E [ O
r O
é 40-:- 0o O 0 .
L o0
204 pood ]
[ 1
} | e radial header flow oo0O O :
[ | O 100*axial channel flow ]
[(]8 S——— : PR %4 I : L : R ,:“
0.00 0.04 0.08 0.12 0.16 0.20

radial position (m)

Figure 7. Radial and axial flow distribution as a function of radius in the rotor. The radial flow
decreases as flow is diverted to the axial channels. The axial channels are of three differ-
ent sizes, with the smaller sizes at the larger radii. This is why the axial channel flow (per
channel) decreases suddenly at 0.08 and 0.14 meters (3600 rpm).
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Figure 8. Variation of cryogen quality as a function of rotor radius and length. Two pha:e flow only
exists near the center where the pressures are low (3600 rpm).

Figure 9 shows the void fractions of the axial channel exit and outlet header. Due to the large slip in
the outlet header, the void fraction is much lower there than would be calculated from a no-slip model.
Tha large slip is caused by the large radial accelerations produced by the rotation of the rotor. The large
radial pressure gradient results in two-phase conditions only near the center of the outlet header. At
a lower rotational speed, the two-phase region can extend farther into the header since the centripetal
acceleration is smaller.
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Figure 9. Variation of cryogen void fraction in the exit header for two rotational speeds.

Figure 10 shows the temperature variation of the fluid as it travels through the rotor via the axial
channels. Due to the low power generated in the rotor, very little temperature change occurs, Near the
attachment locations of the torque tube (Figure 2) the highest temperatures are obtained due to the
concentration of the heat leak.

Figure 11 compares the numerical solutions obtained for the axial temperature distribution at the out-
ermost channel location (0.19 m) for two different rotational speeds. This figure shows that the cryogen
temperature increases sharply near the irdet header as the heat leak from the torque tube is absorbed.
Then the cryogen cools as it loses heat to axizi channels at lower radii. Finally, the cryogen picks up
heat from the other torque tube attachment near the outlet header. As can be seen, the temperatures
are slightly higher for the slower speed. This is because the flow rates become lower as the rotational

speed is decreased. With the same coolant pressures applied to inlet and outlet of the rotor, the flow
rate reduces from 96 grams per second at 3600 rpm, to 75 grams per second at 1800 rpm.
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Figure 10. Contour of temperature variations within the rotor.
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Figure 11. Axial temperature distribution at the radial location of the outermost radial channels
(0.19m). Two different rotational speeds are presented.

25-26




8. Conclusions

A model has been developed to calculate the flow distribution in the rotor. The model can be used
to determine the effect of changing many parameters on the fluid temperature and flow distribu-
tions. Using the low estimates for the power dissipated by the superconducting wire, little cooling
capacity is needed to remove the HTS electrical losses. However, cooling channels will have to be
provided for initial cool down, heat leaks, and possibly for recovery from a quench.

Due to the large radial pressure gradients that result from the large rotational speeds, one cannot
rely on boiling of the nitrogen cryogen at the outer radii to maintain the te mperature at 77 K. The
saturated nitrogen temperature at the outer radius is 117 K at 3600 rpm and 107 K at 1800 rpm.
Enough flow has to be provided to remove the thermal energy via sensible heat.This suggests that
HTS materials must operate above 77 K for this application.

Both Ledinegg instabilities and density wave oscillations are possible in the geometries considered.
However, boiling only occurs very near the center of the rotor, and the low power levels during
steady state operation will not trigger these instabilities.

The numerical model predicts that the temperature distribution of the HTS rotor is fairly uniform

due to internal conduction. A false transient solution technique was required tn enable convergence
for all test cases.

9. Nomenclature

A channel flow area (m?)

Cy drag cocelficient

D channel hydraulic diameter (m)

D, bubble diameter (m)

F the radial mass flow rate in the headers (kg/s)
Jo, is a single-phase friction factor

g gravitational constant (m/s?)

h, local axial chanuel exit enthadpy (J/kg)

h the inlet header enthalpy (J/kg)

h, the outlet manitold enthalpy (J/kg)
/ two phase interfacial drag tenm
L total channel length (m)
lj thermal eakage into node (for connection point of wrque tube) (W)
["”x single-phase channel length (m)
K entrance friction loss coefficient
N the number of axial channels in at a given radius
P. pressure at axial channel exit (converges o P, during itteration process) (Pa)
P,and P, inlet and outlet header pressure (Pa)
Pinter liquid nitrogen inlet pressure (Pa)
AP axial channel pressure drop (Pa)
dij conductive thermal energy to radial location J, axial location j (W)
q" heat flux (W/m?)
¢ total power loss inside the motor (W)
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Rey, bubble Reynolds number

r radial location(m)

Sij Electrical loss source term (W)

s under-relaxation parameter

! time (s)

1;; Temperature of radial location i, axial location j (K)
upand u, local liquid and gas phase velocitics (m/s)

u, outlet header mean velocity (m/s)

Vig specific volume change upon vaporization (m%kg)
w wall friction term (Pa/m)

w mass flow through the representative channel (kg/s)
X, local quality of the flow exiting a channel

o outlet header void fraction,

) width of the header regions (m)

K thermal conductance (conductivity times area divided by node spacing, (W/K)
(0] rotational speed of the rotor (rad/s)

Pr saturated liquid density (Kg/m¥)

P inlet header density (Kg/m®)

Py outlet header density (Kg/mx)

Hpand pg  liquid and gas phase viscosity (N/sm?)

v, mixture viscosity defined as the volume weighted viscosity: ()LVle + (1 -a) Vf' (m?/s)
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