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ABSTRACT

The analysis involves time-variant heat conduction with the liquid-solid boundary
moving radially through the axisymmetric heat-storage material as heat is transferred
to the flowing cooling medium. Solutions were obtained by simultaneously solving the
integrated nonlinear differential equations through numerical means. Quasi-steady radial
heat conduction is utilized at an instant of time., Solutions for wall temperature, gas tem-
perature, and solidification thickness along the tube for a 35-minute shadow portion of an
Earth orbit are obtained for a solar Brayton heat receiver. A simplified solution neglect-
ing the wall-temperature variation is also derived to compare with the numerical method.
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TRANSIENT SOLIDIFICATION QUTSIDE A COOLED PIPE WITH
APPLICATION TO A SOLAR BRAYTON HEAT RECEIVER
by Wellington W. Hu

Lewis Research Center

SUMMARY

A transient heat-transfer problem of solidification outside a cooled pipe is analyzed.
This problem involves time-variant heat conduction with the liquid-solid boundary moving
radially through the axisymmetric heat-storage material as heat is transferred to the
flowing cooling medium. Heat-balance equations for the solidified material, the tube
wall, and the cooling medium are derived. These nonlinear differential equations are
solved simultaneously by using numerical integration. Quasi-steady radial heat conduc-
tion is utilized at each instant of time.

The analysis is applied to the solidification of heat-storage material in the heat re-
ceiver of a solar Brayton cycle space-power system. For this application, argon gas is
the cooling medium and lithium fluoride is the heat-storage material. Solutions for wall
temperature, gas temperature, and solidification thickness are presented for a 35-minute
shadow portion of an Earth orbit. The effect of tube-entrance correction on heat transfer
is also studied.

A simplified analysis that neglects the variation of wall temperature and heat-
transfer coefficient along the tube is also developed. For a solar Brayton application,
the simplified solution and the numerical method are compared graphically.

INTRODUCTION

Transient heat transfer for axisymmetric solidification outside a cooled pipe is ana-
lyzed. This time-variant heat-conduction problem considers a liquid-solid boundary
moving radially as heat is transferred to the cooling medium flowing in the pipe. The
analysis is applied to the solidification of heat-storage material in the heat receiver of a
solar Brayton space-power system. The analysis is also applicable to other solar space-
power systems, such as thermionic and thermoelectric, and to such problems as cylindri-
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cal metal casting and ice formation outside a cooled pipe.

One-dimensional transient heat-conduction analyses with a change of phase have beer
developed (refs. 1 and 2) for a plane geometry. Axisymmetric heat conduction with a
phase change considering freezing on a cylinder is analyzed in reference 3. The results
of reference 3 are applied as local solutions at several stations along a tube. The com-
puting time required to get a single station solution by the method of reference 3 is often
large (sometimes 30 min). Therefore, a numerical analysis is developed in this report,
which allows a direct solution for the whole tube in reduced computer time.

The analysis is demonstrated by obtaining solutions for a 30-tube solar Brayton heat
receiver for a shadow period of 35 minutes. These solutions are plotted to show the vari
ation of wall temperature, gas temperature, and frozen-material thickness and weight
with position along the tube and time. In addition, the same calculations were performed
by using heat-transfer coefficients that were corrected for tube entrance effects (ref. 4).
A simplified solution neglecting the variation of wall temperature and heat-transfer coeffi
cients along the tube is also developed for comparison with the numerical method.

SYMBOLS

c.  specific heat, Btu/(lb mass)(’R); J/(kg)(K)

D diameter, ft; m

h  heat-transfer coefficient, Btu/(ftz)(sec)(oR); W/(mz)(K)
heat of fusion, Btu/lb mass; J/kg

F
k  conductivity, Btu/(ft)(sec)(°R); J/(m)(sec)(K)
L length, ft; m
N number of tubes
q  heat-transfer rate, Btu/sec; W
R ratio of radius of frozen boundary to outside radius of inner tube
r radius, ft; m
T temperature, oR; K
V  velocity, ft/sec; m/sec
W  weight, 1b mass; kg
w  total mass flow rate, lb mass/sec; kg/sec
X  scaled length, nondimensional



X axial distance along tube length, ft; m

i absolute viscosity, (Ib)(sec)/it?; (N)(sec)/m?
p  density, lb mass/it>; kg/m>

T time, sec

Y scaled time, nondimensional

Subscripts:

av average

B  freezing boundary

b bulk

e entrance

F fusion

f film

g fluid

s solid

w tube wall

X axial distance

1 beginning of time interval

2 end of time interval

ANALYSIS
Numerical Integration Method

The thermal-energy-storage model considered herein is axisymmetric (fig. 1). The
model considers a time-variant heat-conduction problem with the boundary between the
molten liquid and the solid phase changing with time. The heat release from the latent
heat of the storage material is conducted radially through the solid phase and convected
to the heat-transfer fluid at the inner tube surface. Both ends of the tube are assumed to
be insulated so that heat conduction is negligible. Furthermore, since the thermal con-
ductivity of the tube wall is much higher than that of the storage material, which is a liq-
uid, the temperature drop through the thin wall of the inner tube is assumed to be small
enough to be neglected. The longitudinal conduction of heat is also neglected. The prop-
erties of the storage material are assumed to be invariant with slight temperature changes.
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The quantity of frozen material is such that its freezing front will not reach the outer tukb:
A cooling fluid such as argon passed through the inner tube, with its temperature
Therefore, the heat-transfer coefficient based on the film tempei

wall.
varying along the tube.
ature of the cooling fluid varies along the tube.

The equation for transient heat transfer in cylindrical coordinates is

T _k 0 oT
pc —_— e — T - (1)
Par r Br( ar)

For any differential time interval dr, the heat balance in any differential section dx
along the cylindrical wall can be treated as quasi-steady radial heat conduction. The
latent heat due to the change of phase from liquid to solid plus the sensible heat due to the
temperature drop of the solid equals the heat transfer from the wall to the cooling fluid.
The equation for this heat balance, derived in the appendix, is as follows

dr dr r
B B 2 B
pShF(zﬂrB)dx —— + (cp)STBpS(Zer)dx - pS(Cp) 27 dx p= / rTg dr

dr s A
w
T,-T
=amk, ax— 2% (ag)
's
In =
rW

where Ty is the radius of the inner tube, neglecting tube wall thickness, r'np is the
radius at the frozen boundary, and TB is the melting temperature of the solid. Here
T_, TS, and rg are functions of time T and the axial distance x. Because the tem-
perature difference for subcooling of the solid is small, the change of the sensible heat
of the solid phase is much smaller than that of the latent heat. For a first approximation,
the temperature distribution inside the solid is assumed to be linear. For the more pre-
cise case, the logarithmic temperature distribution is used in the derivation (see appen-

dix)., The final integrated equation with the linear temperature distribution in the solid

is as follows



9 pslc )

ZAZT (2TB - Tw, 1° Tw, 2) - ‘5 __E'E‘?' (In RB, av)[TB(RB, 2" RB, 1)(RB, 2t RB, 1t 1)
I‘w S
- Ty, Z(RB, 9 - 1)(RB, 9 +2)+ Ty, 1(RB, 1" 1)(RB, 1+ 2)]
- P::F [RE o(nrd 5- )-8 ((mrd ;- 9] @
where

A'r=7'2-'r1

The heat balance between the thermal-storage material and the gas at any time T and any
portion x is given in the following equation

TB - Tw
q = 2mkg dx — ¥ = h (2mr )dx(Ty, - T,) (2a)
In RB
where
T T, r_h
B_¥_WE(T,-Ty (2b)
In RB kS

Writing equation (2b) explicitly for T,, 8gives

TB+rwh i1n Rp .
R A lnRs, (2¢)
wg B,y
kS

The heat-transfer rate through the wall at any time 7 to the gas is equal to the rate of in-
crease of enthalpy in the gas



W(cp)g oT

8- h(T -
N ng(w (3a)

Tg)

where both the heat-transfer coefficient h_ and the temperature of gas or sink, are
functions of time 7 and length x. Integrating equation (3a) with respect to x and using
the average value of h g(TW - Tg) over increments of Ax in the difference equation at
any time T give:

- T (3b)

ND
-T =__ W éx_[h (T
9 g

Tg, X+AX g,X w(c ) ,XVUW,X Tg,x) + hg, x+Ax(Tw,x+Ax g, x+Ax)]
p

A rearrangement of equation (3b) gives the following equation for the gas temperature at
the station x + Ax:

NWDWAx
Tg,x * 2w(c ) th,x(Tw,x - Tg,x) + hg, x+AxTw,x+Ax:l
1Y
T = g L L (4)

g, X+AX
N'ITD Ax hg,x+ Ax

2“’( p)g

1+

In equation (4), the heat-transfer coefficient is a function of temperature and, therefore,
a function of axial position x and time 7.

At the beginning of the tube, that is, at x = 0, and any time 7, the inlet fluid tem-
perature T _(0,7) = e is constant and known. The wall temperature T , the frozen
radius ratio RB 9 and heat-transfer coefficient h_(0, 7) can be calculated by using equa-
tions (A15), (2), ’and the heat-transfer equation valid to the specific application.

The calculation is started at x = 0, with a known value of hg(O, 0) to obtain h g(0, T)
by iteration procedures. Then at constant time 7 the calculation along the tube axis is
started at x =0. Values of Tw <+Ax and Tg x+Ax are estimated by using the h_ ob-
tained at the beginning of the increment. Based on these estimated wall and fluid temper-
atures, equations (A15), (2), (4), and the applicable heat-transfer equation are used to
obtain the values of TW LAY’ Tg’ K+AX’ hg,x+Ax, - and RB, X+AX" Final values of
these parameters are obtained by iteration procedures until hg is obtained within a spe-
cific limit.

The simultaneous equations (A15), (2), and (4) are solved by using a stepwise approx-
imation method and are programmed in FORTRAN IV for the IBM-7094 computer.
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Simplified Solution

As mentioned in the previous section, the sensible heat of the solid is a small quan-
tity for the range of RB considered and, therefore, was neglected. This leads to the
development of a simplified solution. The tube wall temperature is assumed to be con-
stant and equal to the melting point of the heat-storage material (i. e., infinite conduc-
tivity of the frozen material is assumed). Then the fluid temperature is not a function of
time, The heat-balance equation between the frozen front and the cold sink is

or
B _
27r gp, dx hF—aTr— = 27TrW dx hg(Tw - Tg) (5)

Let Ry = rB/rW and simplify equation (5):

dR h
Rp— B. E— (T, - Ty (6)
T TwPs'F
Integrating equation (6) from 7 =0 to T gives
2h
2 -__ 8
RB, g-l=—>25— (TW - Tg)’T (1)

TwP shF

where TW is constant and equal to Tg. The heat-transfer rate through the wall to the
gas is equal to the rate of increase of enthalpy of the gas, as follows:

dT
v _ 8- -
N (cp)g . 27rrwhg(TW Tg, % (8)

Assuming the heat-transfer coefficient to be constant and equal to an average value and
integrating equation (8) with respect to x, yield

T -T 2mr. Nh x
w g€ = exp v g (ga)

TW - Tg,x w(cp)g

or



-T
T, =T -—% £ (9b)

2h 1
R2(x 77-1=—8 (T -T_ )expl—" 58 (10a)

Re(x,7) - 1= e > (10b)

where

Application

The particular application investigated herein is the solidification of the heat-storage
material in the heat receiver of a solar Brayton space-power system (fig. 2). During the
sunlight period of an eclipsed orbit, solar heat melts the storage material. A paraboloi-
dal mirror supplies solar thermal energy by focusing the Sun's rays through an aperture
onto the cavity wall where the heat-storage material is stored inside concentric tubes
(fig. 3). Argon gas passes through the inner tube and extracts heat for use by the power
conversion system. During the shadow period of 35 minutes, the gas absorbs the latent
heat of fusion as the storage material freezes. The transient heat conduction through the
axisymmetric body of the heat-storage material along the tube is solved by the analysis
just presented. The reference conditions used in the calculations for a 30-tube heat re-
ceiver for a solar Brayton system are shown in table I. Lithium fluoride is used as the
heat-storage material. References 4 and 5 present data for gas heat-transfer coefficients
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under moderately high heat flux conditions. For the application considered herein, the
Reynolds number falls in the region of transition flow. The test data for the heat-transfer
coefficient of reference 4 are scattered, but an average curve for these data can be repre-
sented by the following equation:

0.4
1. 15[ :
kK. [pViD_\ ™ (p) Hi
hy = 0. 00080 L [Ebw f (11)
Dy \ K¢ kg

All properties of the fluid are based on the film temperature which is

T; = = (Ty, + Ty)

D [t

The entrance correction factor for the heat-transfer coefficient in the transition flow is
less prominent than that in the turbulent flow. For the worst condition, the entrance cor-
rection factor in the turbulent flow region is obtained from the data of figure 10 of refer-
ence 4 and applied to an entrance length of the tube equal to 10 times the tube inner diam-
eter.

Since the sensible heat of the solid-storage material is small, the use of a linear
temperature distribution instead of a logarithmic temperature distribution results in a
negligible error. Therefore, equation (A15) was used for the calculations.

Equations (A15), (2), (4), and (11) are used to solve for hg’ Ry, Tw’ and Tg'
These equations need to be solved simultaneously and therefore a computer is used to ob-
tain the solution. For this purpose, the tube was divided into 50 increments. An increase
in the number of increments from 50 to 100 along the tube axis did not change the solution
in the fourth decimal, and neither did a time interval of less than 40 seconds.

RESULTS AND DISCUSSION FOR A SOLAR BRAYTON APPLICATION
Results of Numerical Integration Method With and Without Tube Entrance Correction

Figure 4 shows the variation of ratio of frozen radius to inner tube radius along the
length of tube at two different times. The tube diameter is 0. 087 foot (0. 026 m), and the
length is 12. 5 feet (3. 81 m) which is divided into 50 equal increments bounded by station
numbers from 1 to 51. The frozen depth can be calculated by the following equation:



At the end of a shadow period of about 35 minutes, the frozen depth at the entrance with
the tube entrance correction is about eight times that at the exit (hot end). This suggests
that more thermal storage material is required at the entrance.

The ratio of frozen radius to the inner tube radius is about 1, 5 without correction,
while it is 2, 02 with the entrance correction for the first station at the end of 35. 5 minutes
of shadow period of the orbit. This increase of frozen radius ratio will require more
thermal-storage material at the entrance of the tube, However, the entrance effects, as
shown in figure 4, diminish rapidly after the third station. In order to avoid oversizing
the receiver, the outside tube near the tube entrance could be made to follow the contour
of the frozen-radius curve without entrance correction (fig. 4); then after about 15 min-
utes of the shadow period, the frozen radius at the entrance section would reach the out-
side tube. The result is to decrease the outlet gas temperature about 2°R (1. 1 K). Such
a small temperature variation can be tolerated by the Brayton power system.

Figure 5 shows the variation of the wall temperature along the length of the tube at
three different times. Without the tube entrance correction, the calculated wall temper-
ature drop at station 1 (at the cold end) is about 12°R (6. 5 K) from the beginning at time
zero to the end of the 35-minute shadow period. However, when the entrance correction
is considered, the wall temperature at station 1 at the end of 35 minutes of shadow period
drops about 50° R (27. 8 K) from the postulated starting value at time zero.

The effect of the entrance correction is also displayed in figure 6, which shows the
temporal variation in wall temperature at the tube entrance and exit. Although the en-
trance correction increases wall-temperature drop at the tube entrance from 12° to 50° R
(6.5 to 27. 8 K), this effect is markedly attenuated at the tube exit, and exit wall temper-
ature varies less than 0. 5° R (0. 28 K) as a result of the entrance correction. Figure 7
shows the weight distribution of thermal-storage material along the length of the tube for
several shadow times. At station 1, the entrance effect increases the freezing weight per
unit tube length to 2. 5 times that without correction. Figure 8 shows that the variation of
total frozen weight of lithium fluoride as a function of time is less with the entrance cor-
rection than without the correction. Since the freezing solid grows much faster in the en-
trance region with the correction, the solid phase transfers relatively more sensible heat
and less heat of fusion than is the case without correction for the entrance effects. At the
same time, the gas temperature becomes higher in the later stations of the tube with the
entrance correction so that it absorbs less heat of fusion and thus reduces the total freez-
ing weight. Because the temperature of gas at the exit is higher with the entrance correc-
tion, more heat is transferred. This additional amount of heat is from the sensible heat

of cooling rather than from the heat of fusion.
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Simplified Solution

The results of the simplified solution are shown in figures 9 to 11 plotted with those of
the numerical integration method for comparison. Figure 9 shows that the frozen radius
ratio RB obtained from the simplified solution is lower at the front stations and higher at
later stations along the tube. In this figure, the temperature of the wall is assumed to be
constant and the heat-transfer coefficient is assumed to be an average of the heat-transfer
coefficients obtained at time zero along the tube axis. This average value of heat-transfer
coefficient is 0. 001581 Btu per square foot per second per °r (32. 3 W/(mz)(K)).

Figure 10 shows that the effect of entrance correction was to increase the frozen ra-
dius ratio nearly 30 percent at station 1 at the end of 35 minutes of shadow period. Ata
later station, such as 26, the gas had a higher temperature due to the entrance effect.

The wall temperature was also higher. Therefore, the value of frozen radius ratio is
reduced by the entrance correction. The maximum difference of the frozen radius ratio
at the tube entrance is 3 percent less in the simplified solution (also shown in fig. 10).

Figure 11 shows variation of gas temperature along the length of the tube. At the end
of 35 minutes of shadow period, the gas temperature at the exit decreased from time zero
only about 1°R (0. 56 K) with no entrance correction considered for the 30-tube solar heat
receiver, This relatively small variation in outlet gas temperature is acceptable because
the power output of the system would vary less than 1 percent as a consequence of the
temperature change. With the tube entrance correction, the outlet gas temperature in-
creased about 2.8° R (1.5 K) at time 7 =0.

The gas temperature obtained from the simplified solution is always lower than that
obtained by using the numerical integration method (see fig. 11). The maximum difference
of gas temperatures is only about 10° R (5. 5 K) and occurs approximately at station 20.
The local heat-transfer coefficient used in the numerical integration method is greater
than the average value used with the simplified solution from the tube entrance to sta-
tion 20. Thereafter, the average value of heat-transfer coefficient exceeds the local
value obtained by the numerical integration method. This results from the decrease in
Reynolds number at the tube exit where the gas is hot, because of the change in gas prop-
erties.

Suggestions for Design of Heat Receiver

The curve for frozen radius ratio Rp from the transient heat analysis suggests the
use of a tapered outside tube to store more thermal storage material in the entrance por-
tion of the tube. For the proper distribution of lithium fluoride weight at all the stations
along the tube, the outside tube can be made with a taper ratio of about 1.4, with rings to
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separate lithium fluoride into different compartments, as shown in figure 12,

The outlet gas temperature at the end of a shadow period of 35 minutes is only 1. A )
(0. 7 K) below the initial tube exit value (fig. 11). For the same mass flow and tube length.
an increase in diameter of 12 percent results in a decrease of the exit gas temperature of
about 3. 6° R (2 K) for the 30-tube receiver. For the same length and diameter, but an in-
creased number of tubes from 30 fo 50, the heat-transfer area per unit mass flow will in-
crease and, therefore, the exit gas temperature will increase (from 1951. 8° to 1965.8° R
(1084. 3 to 1092, 1 K)) about 14° R (7. 8 K) or 0. 7 percent for the same flow situation. Simi
larly, a 3. 6-percent reduction in tube length from 12, 5 to 12. 05 feet (3. 81 to 3. 66 m) will
decrease exit gas temperature by 5. 4°R (3.0 K); thus, a given fractional change in tube
length has a greater effect on exit gas temperature than does a change in number of tubes.

CONCLUSION

This analysis investigated the solidification outside a cooled pipe with application to
the receiver design for a solar Brayton cycle space-power system. The thermal-storage
material surrounding the heat receiver tubes has an axisymmetric shape. The heat-
transfer problem in the receiver is a time-variant heat-conduction problem with the
liquid-solid boundary moving through the thermal-storage material during the shadow
portion of an orbit. The solution also applies in general to a problem such as metal cast-
ing and ice formation, with variable wall temperature and heat flux along the tube,

From the heat-receiver analysis, the ratio of frozen radius to the inner tube radius,
the wall temperature, and the gas exit temperature are solved by the Lewis IBM 7094 com
puter in less than 2 minutes of computing time. At the end of the 35-minute shadow peri-
od, the gas exit temperature decreased only 1. 4°R (0. 7 K) below the exit temperature
value at time zero.

The frozen radius ratio along the tube axis is less than 2, and the weight distribution
curve suggests a tapered design for the thermal-storage device,

A fractional increase in tube length is more effective in increasing the gas exit tem-
perature than is an increase in the number of tubes.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 2, 1968,
120-33-07-03-22,
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APPENDIX - DERIVATION OF EQUATIONS OF HEAT BALANCE

BETWEEN SOLID PHASE AND COOLING WALL

The governing equation of the transient heat transfer in cylindrical coordinates is

k
psc _a_'.E=__S_i r_ai[_‘ (Ala)
P ar r or or
or
oT 0 oT
p(c)r——=k 9 2T (A1b)
S\P/g a7 S or or

Integration from the inner radius to the freezing boundary results in

r
B
ps(c) / rirgdr=kS rBﬂ —rWﬂ (A2)
Plg r oT or r or r
w B W,
The heat balance at the freezing boundary is
dr
B oT
php—— =k 22 (A3)
s°F dr or r
B
Since
T T dr
o BrT dr = B 3T 4 +rBTB——l3- (A4)
oT r oT dr
Tw
substitute equations (A3) and (A4) into equation (A2) to obtain
n 2B r. B 2 ['B Tdr=kr 2°T (A5)
pT ___+p(c)r -—--p(c)— rTdr=k r_ —
s BF 4 s\'P/g B"B 4 Spsa'rr Swarr
w w
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Multiply both sides of equation (A5) by 27 dx

dr dr T
B B 0 B oT
reho2r dx —— + <c>27rr dx T ——-p(c)anx-—f rTdr =k_2rr_ dx —
PTBTF ar  PsUp/s""'B B ar "s\Pjg ot Jr S W o
w r
w
(A6)

For a differential time interval, the heat transfer across the cylindrical wall can be
treated as quasi-steady radial heat conduction. Then

T, -T
rwﬂ -_B_Ww (A7)
or r rB
w In[—
T'w

Substituting equation (A7) into equation (A6) gives equation (A2):

dr

phn(2rr )dxd—r§+ (c)T p.(2mr )dX——E-p (c>277dx—a-frBrT dr
s°F B dr pSBs B dr S\ P/g oT re S

Eliminate 27 dx from both sides of equation (A8). Let R = r/rw, and multiply by
dr

h. R, dR +(c)T R, dR, - (c)a RBRT dR—S_____B-TWd
Ps'FB B pSBpsB B~ Ps\Up/ . ) s o TR
rW B

T

Then multiply by In RB
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pghpRp In Ry dRp + p (e ) Tg In RgRy dRp - o € p)

R

S

Integrating and rearranging terms give

To
Ty - T Ps(cp)
B W odr - s

Integrate by parts to the following term

R R
/ B’zlnRBdf BRT 4R
1 S

B, 1

R]32 R
=1nRB,2[ ’ RTst'lnRB,l_[

Substitute in equation (A9)

B,1pT 4R -

S

Rp
In RB d f RT_ dR
s 1 S

_ kg(Tp - Ty) dr
2

Tw

R
2
4 B:2RgInRydRy  (A9)

B, 1
®B,2 1
B,1 BB

Rp
/1 RT,dR dRp,

(A10a)
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R
B2 4 RBRT dR d 1 Rp,2
+ 1 g AR ARy - IRy » f RT, dR
R

R h R
B, 1 _Ps'F B, 2
+1nRp 4 [ RT_dR | = / RglnRgdRp  (A10b)

ks RB, 1

For the quasi-steady radial heat conduction, the temperature distribution inside the solid
cylindrical frozen material is

TS=c1nR+Tw

where
T, -T
c = B w
lnRB
Then
2 2
R R Ry -1 R, -1
Bpr 4R = BRrcmR+T )R=[ S REmR, -c_ B "1 _B
s w B B w
1 1 2 4 2
RZ R -1 R3-1
=TB — - +TW _— - = (A11)
2 41nRB 41nRB 2

By the relation of equation (A11), evaluate the first two terms on the right side of
equation (A10a)
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2 2 2 9
"TB B’zlnRBz-_.P’_z_ B’llnRB1+ B,1
2 ’ 4 2 ’ 4
R]232'1 InRBz R]231—1 lnRBl
+ T ) - 3 - s _ , (A12a)
w,2 4 p) w,1 4 5
and also,
®B,2 | /Ry
——/ RT_ dR dR
S B
RB 1
R
B, 1
R
B, 2 0 ,
= T RB RB—l - RB,l-l . =
) Bm__*+W4R1R_2R B
2 4RgInRg plnRy 2R,
Rp 1
2 2
T R R
2 B, 2
=__B. RB 2-RB 1+[1n(1n RB 2)-1n(1n RB, 1)] - 5 B,l
4 ’ ’ 21nRB)
av
2 2
T, + T R "R
B, 2 B, 1
+ w, 2 w, 1 _—1[1n(1n RB 2) -ln(lnRB 1)]+ ’ 2 _(1nRB 2-1nRB 1)
4 ’ s 41nRB
av
(A12b)
where
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nRy) =

In R In R
v (InRp 5 +InRp 4)

[ SN

is introduced in the integratiun to avoid the use of a power series.
Substitute equations (A12a) and (A12b) into the equation (A9a) and multiply by 4.
Then equation (A10b) becomes

Ps (cp)s

2AT
= @Tg- Ty, 1~ Ty, 9 - — Tg{RB, 2 - Rp, 1
: rW S

B,2” "B, 1

+ [ln(ln RB, o) - In(ln RB, 1)] g l,n - )
Blay

2 2
2 1 Rp, 2- Fp 1
’ ’ 2 ’ ’ 4 1n RB ’ ’
av
2 2
2 Rp 2~ Fp 1

1
+ T, 1{RB. 1 - 1-—[1n(1nRB 2)—1n(1nRB 1)] + - (lnRB 2+1nRB 1)
’ ’ 2 ’ s 4 In RB) ’ 3
av

2 2 2

The sensible heat-drop term of the solid in equation (A12b) is very lengthy. This term is
small compared with the heat-of-fusion term, so that the linear temperature distribution
inside the solid phase can be assumed with negligible error. The linear relation is

T
T =T + — % (R-1) (A14)

Then equation (A9) becomes
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TABLE I. - REFERENCE CONDITIONS AND PROPERTIES USED

IN COMPUTER CALCULATIONS

Argona:
Mass flow rate, lb mass/sec; kg/sec 0. 621; 0. 28
Gas temperature at inlet to receiver, oR; K 1457; 809
Gas temperature at outlet from receiver, 0R; K 1950; 1083
Inlet pressure of gas, b force/ft%; N/m2 1965. 6; 94 000
Pressure drop, percent of inlet pressure 2
Shadow portion of 96-min orbit time, min 35

Lithium fluoride®;
Molecular weight 25, 94
Melting point, °R; K 2020; 1122
Density of solid at 505° R (280 K), 1b mass/ft3; kg/m3 165; 2640
Conductivity of solid at 2020° R (1122 K), Btu/(hr)(t)(°R); W/(m)(K) 5; 8. 65
Specific heat of solid at 2020° R (1122 K), Btu/(lb mass)(°R); kJ/(kg)(K) | 0.581; 2.43
Heat of fusion, Btu/lb; kJ/kg 450; 1047

aProperties from ref. 7.
bData from ref. 8.
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Figure 1. - Thermal-energy-storage model.
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Figure 2. - Sketch of solar Brayton space powerplant.
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Figure 3. - Sketch of solar heat receiver,
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Figure 4. - Ratio of frozen radius to tube radius at different
stations along tube with and without entrance correction.
Tube length, 12,5 feet (3.81 m); tube diameter, 0.087 foot
(0. 026 m); number of tubes, 30.
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Figure 5. - Wall temperature at different stations along tube
axis with and without entrance correction. Tube length,
12.5 feet (3.81 m); tube diameter, 0,087 foot (0. 026 m)
number of tubes, 30,
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Figure 6. - Variation of wall temperature with time with and without entrance
correction. Tube length, 12.502 feet (3,81 m); tube diameter, 0,087 foot
(0.026 m); number of tubes, 30,
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Figure 7. - Weight of frozen lithium fluoride per inch at
different stations along tube axis. Tube length, 12.5
feet (3.81 m); tube diameter, 0.087 foot (0. 026 m);
number of tubes, 30,
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Figure 8. - Variation of total frozen weight of lithium fluoride with time with and without
tube entrance correction. Tube length, 12.5 feet (3.81 m); tube diameter, 0.087 foot
(0.026 m); number of tubes, 30.
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Figure 9. - Comparison of frozen radius ratio for stations
along tube axis for numerical integration method and
simplified solution. Tube length, 12.5 feet (3.81 m);
tube diameter, 0.087 foot (0,026 m); number of tubes,
30; time, 35.3 minutes.
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Figure 10. - Comparison of frozen radius ratio with time for numerical
integration method with and without entrance correction and simpli-
fied solution. Tube length, 12.5 feet (3.81 m); tube diameter, 0. 087
foot (0. 026 m); number of tubes, 30.
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Figure 1L - Comparison of gas temperatures along tube for numerical
integration method with and without effect of entrance correction
on heat-transfer coefficient and simplified solution. Tube length,
12,5 feet (3.81 m); tube diameter, 0,087 foot (0.026 m); number of
tubes, 30.
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Figure 12. - Tapered outside tube for distribution of thermal-energy-storage material, lithium fluoride,
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