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ABSTRACT 

This is one of twenty-one volumes summarizing the Air­
craft Nuclear Propulsion P rog ram of the General Electric 
Company. This volume summarizes the methods and tech­
niques developed for use in the thermal design of nuclear 
reac tors associated with that p rogram. 

Information and references are given on the analytical 
and experimental work required to design and evaluate the 
proposed high performance air cooled fuel elements. Methods 
of optimizing the thermal designs, particularly by the use 
of high speed electronic digital computing equipment, are 
discussed. The computer programs developed to provide 
accurate performance predictions, are identified and de­
scr ibed. Details of the computing programs may be found in 
the referenced mater ia l . 

Means for matching the coolant-flow to the predicted 
internal heat generation ra tes in the non-fueled components 
a re discussed. Test methods and resul ts a re indicated and 
significant equipment and instrumentation information p ro ­
vided. 

The relationships of reactor p res su re losses and of local­
ized perturbances to power plant performance are indicated, 
and the detailed analyses which were required to identify 
and predict these effects are discussed. 

ACKNOWLEDGEMENTS 

Acknowledgement is made of the contribution of Paul E. 
Lowe. 



• 
•« 

• • 
• 

• 
9 

* 
• 

J 
L

 



UNCLASSIFIED 

PREFACE 

In mid-1951, the General Electric Company, under contract to the United States Atomic 
Energy Commission and the United States Air Force, undertook the early development of 
a militarily useful nuclear propulsion system for aircraft of unlimited range. This re ­
search and development challenge to meet the stringent requirements of aircraft applica­
tions was unique.New reactor and power-plant designs,new materials, and new fabrication 
and testing techniques were required in fields of technology that were, and still are, 
advancing very rapidly. The scope of the program encompassed simultaneous advancement 
in reactor, shield, controls, turbomachinery, remote handling, and related nuclear and 
high-temperature technologies. 

The power-plant design concept selected for development by the General Electric Com­
pany was the direct air cycle turbojet. Air is the only working fluid in this type of system. 
The reactor receives air from the jet engine compressor, heats it directly, and delivers 
it to the turbine. The high-temperature air then generates the forward thrust as it exhausts 
through the engine nozzle. The direct air cycle concept was selected on the basis of 
studies indicating that it would provide a relatively simple, dependable, and serviceable 
power plant with high-performance potential. 

The decision to proceed with the nuclear-powered-flight program was based on the 1951 
recommendations of the NEPA (Nuclear Energy for the Propulsion of Aircraft) project. 
Conducted by the Fairchild Engine and Airplane Corporation under contract to the USAF, 
the five-year NEPA project was a study and research effort culminating in the proposal 
for active development of nuclear propulsion for manned aircraft. 

In the ensuing ten years. General Electric's Aircraft Nuclear Propulsion Department 
carried on the direct air cycle development until notification by the USAF and USAEC, 
early in 1961, of the cancellation of the national ANP program. The principal results of 
the ten-year effort are described in this and other volumes listed inside the front cover 
of the Comprehensive Technical Report of the General Electric Direct Air Cycle-Aircraft 
Nuclear Propulsion Program. 

Although the GE-ANPD effort was devotedprimarily to achieving nuclear aircraft power-
plant objectives (described mainly in APEX-902 through APEX-909), substantial contri­
butions were made to all aspects of gas-cooled reactor technology and other promising 
nuclear propulsion systems (described mainly in APEX-910 through APEX-921). The 
Program Summary (APEX-901) presents a detailed description of the historical, pro­
grammatic, and technical background of the ten years covered by the program. A graphic 
summary of these events is shown on the next page. 

Each portion of the Comprehensive Report, through extensive annotation and referencing 
of a large body of technical information, now makes accessible significant technical data, 
analyses, and descriptions generated by GE-ANPD. The references are grouped by sub­
ject and the complete reference list is contained in the Program Summary, APEX-901. 
This listing should facilitate rapid access by a researcher to specific interest areas or 
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sources of data. Each portion of the Comprehensive Report discusses an aspect of the P ro ­
gram not covered in other portions. Therefore, details of power plants can be found in the 
power-plant volumes and details of the technologies used in the power plants can be found 
in the other volumes. The referenced documents and repor ts , as well as other GE-ANPD 
technical information not covered by the Comprehensive Report, a re available through the 
United States Atomic Energy Commission, Division of Technical Information Extension, 
Oak Ridge, Tennessee. 

The Report is directed to Engineering Management and assumes that the reader is 
generally familiar with basic reactor and turbojet engine principles; has atechnical under­
standing of the related disciplines and technologies necessary for their development and 
design; and, particularly in APEX-910 through APEX-921, has an understanding of the 
related computer and computative techniques. 

The achievements of General Elec t r ic ' s Aircraft Nuclear Propulsion Program were the 
result of the efforts of many officers, managers , scientists , technicians, and administra­
tive personnel in both government and industry. Most of them must remain anonymous, 
but part icular mention should be made of Generals Donald J . Keirn and Irving L. Branch 
of the Joint USAF-USAEC Aircraft Nuclear Propulsion Office (ANPO) and their staffs; 
M e s s r s . Edmund M. Velten, Harry H. Gorman, and John L. Wilson of the USAF-USAEC 
Operations Office and their staffs; and M e s s r s . D. Roy Shoults, Samuel J . Levine, and 
David F . Shaw, GE-ANPD Managers and their staffs. 

This Comprehensive Technical Report represents the efforts of the USAEC, USAF, and 
GE-ANPD managers, wr i t e r s , authors, reviewers , and editors working within the Nuclear 
Materials and Propulsion Operation (formerly the Aircraft Nuclear Propulsion Depart­
ment). The local representat ives of the AEC-USAF team, the Lockland Aircraft Reactors 
Operations Office (LAROO), gave valuable guidance during manuscript preparation, and 
special appreciation is accorded J . L. Wilson, Manager, LAROO, and members of his 
staff. In addition to the authors listed in each volume, some of those in the General Electric 
Company who made significant contributions were: W. H. Long, Manager, Nuclear Ma­
ter ia ls and Propulsion Operation; V. P . Calkins, E . B. Delson, J . P . Kearns, M. C. 
Leverett , L. Lomen, H. F . Matthiesen, J . D. Selby, and G. Thornton, managers and r e ­
viewers; and C. L. Chase, D. W. Patr ick, and J . W. Stephenson and their editorial, ar t , 
and production staffs. Their t ime and energy are gratefully acknowledged. 

THE EDITORIAL BOARD: 

Paul E . Lowe 
Arnold J . Rothstein 
James I. Truss ell 

November 8, 1961 
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CONFIDENTIAL 

1. INTRODUCTION AND SUMMARY 

This volume summarizes the aerothermodynamic work performed from early 1952 to 
early 1961, in conjunction with the General Electric Company's Aircraft Nuclear 
Propulsion (ANP) Program. 

More specifically, the volume describes the technology of fluid dynamics and heat 
transfer developed in the course of designing a se r ies of air-cooled reactors for aircraft 
nuclear propulsion. 

The methods used for prediction of performance of reactor components and systems, 
and the confirming experimentation, formed the data-and-methods file on which detailed 
power plant thermal designs were based. This volume, together with its references, is 
thus intended to provide a repository of aerothermodynamic techniques which might 
readily be drawn upon for a variety of needs. 

The authors have assumed that the reader is familiar with elementary heat transfer 
and fluid flow theory, and has a general acquaintance with the principles of nuclear 
reactors and turbojet engines. Some acquaintance with the uses of digital computing 
machines will further increase the reader ' s understanding of the presented material . 
Use of some of the jargon peculiar to the project has been unavoidable but care has been 
taken to provide definitions. 

A basic factor in reactor thermal design for direct cycle power plants is the relatively 
low density and low heat capacity and conductivity of the air as a heat transfer medium. 
Thus the key problem in the thermal design of ANP reactor systems was repeatedly found 
to be the inter-relat ing of the heat transfer and associated fluid dynamics requirements 
with the nuclear and structural requirements. 

The degree of sophistication utilized in optimizing these conflicting requirements varied. 
For the prel iminary and advanced design studies, rough methods of calculation were used 
to obtain a relatively quick evaluation of alternatives and the initial sizing. As the work 
progressed through detailed design to final fabrication, the analysis methods used became 
much more detailed and complex, and much more prec ise . 

For example, for the concentric ribbon type of fuel elements used in the Heat Transfer 
Reactor Experiments (HTRE), initial sizing and performance predictions were obtained 
by assuming that the fuel cartridge could be characterized by an average hydraulic diame­
ter; therefore, a single passage wall temperature and a bulk-air temperature were com­
puted as a function of axial location of the fuel tube in the reactor core. As the design 
progressed, radial variations in fuel-ring temperature and bulk-air temperature were 
computed within a single fuel tube. Rnally, a map was obtained with both radial and cir-

etnmtBmAL 
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cumferential temperature and flow as a function of axial position in a number of tubes, 
in the core cross section, which were identified as controlling. 

The degree of sophistication also increased with the major program steps; the early 
systems tests being much less demanding than the later ones which approached flight 
prototypes. This was particularly true for the moderator and shield cooling requirements 
which, if not sufficiently optimized, could result in penalties of lower effluent tempera­
ture and increased weight. 

The existing basic technologies of turbulent gas flow and of convective heat transfer 
were found, as expected, to be valid for the ANP systems. However, most of the ANP 
configurations were unique and the value of greater optimization was higher, in t e rms 
of improved performance, than for more conventional power plants. It was, therefore, 
generally found necessary to determine experimentally the character is t ic aerothermo­
dynamic coefficients in order to obtain the required precision in performance analysis 
and prediction. Existing l i terature did provide, in most cases , some approximate com­
parisons which guided initial estimates of size requirements and performance. 

There were two fundamental reasons for the high degree of sophistication in thermal 
design as the mechanical design neared completion. First , it was recognized that in 
order to maximize the power for a given weight limit and given materials limitations, 
it was necessary to approach optimum aerothermodynamic performance as closely as 
possible. Thus, in the final design, an ambitious attempt was made to obtain an iso­
thermal core - one which would have the same safe maximum wall temperature at all 
positions in the core. The total p ressure drop through the reactor was minimized at the 
same t ime. Second, it was realized that very localized perturbations could lead to un-
acceptably high fuel element temperatures which would impair the safety of reactor 
operation or shorten fuel element life. Detailed analyses and experiments were there­
fore conducted to identify and predict such local effects and to propose remedies wher­
ever pract ical . 

The four major parts of this volume cover the following a reas : section 2, the digital 
computer programs which were conceived and perfected for the analysis of nuclear 
reac tors and nuclear reactor components; section 3, the basic analytical and experi­
mental investigation of components; section 4, the more important heat transfer and 
fluid flow instrumentation techniques; and section 5, the miscellaneous supplementary 
investigations. The references at the end of each section are intended to be selective 
rather than exhaustive, giving the most important documents which were generated in 
accomplishing this work. No attempt has been made to assemble a bibliography on basic 
heat transfer and fluid dynamics since many good ones are already in existence. 

Section 2 of this volume deals with the analysis "tools," that i s , digital computer p ro ­
g rams , which have been found to be of major value. These programs apply the capa­
bil i t ies of the IBM 704 and 7090 digital computers to the otherwise insurmountable ari th­
metic of detailed analyses of ANP power plants. The authors ' approach is to describe 
the program in general t e rms , indicate the required input data, and point out the uses 
of the program. Consultation of the appropriate reference is required to obtain detailed 
familiarity with the program. 

Section 3 covers the significant fuel element configurations which were considered for 
aircraft nuclear reactor applications. The references deal with the detailed analytical 
methods. Some comparisons are made of ANP analyses results and similar information 
from the available l i tera ture . Considerable detail is given on reactor aerothermodynamics 
describing how fuel elements were sized, the means of achieving the required flow dis­
tribution and the approaches to determining local fuel element temperature perturbation. 

--^ewHMimAt 



MNFIDENTIAL 13-14 

Also discussed are the means for determining cooling requirements for removal of gamma 
and neutron heat from the shielding and non-fueled reactor components. 

Section 4 is a short discussion of temperature and flow instrumentation. Some of the 
problems are indicated, as are the means of determining the probable e r ro r in observa­
tion. Information on instrumentation of specific power plants is contained in the APEX 
coverir^ that power plant. Problems of fuel element temperature measurements a re d i s ­
cussed in APEX-920 as well a s in the indicated references . 

Section 5 of this report is a brief discussion of some generally applicable analytical 
studies; e . g . , the procedure for determining temperature in a non-concentric annulus 
with unequal heat release from the bounding walls, and the evaluation of the "Coanda 
Effect" in place of turning vanes. 
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2. AEROTHERMODYNAMIC COMPUTER PROGRAMS 

The programs discussed in this section were developed for use in the analyses of direct 
cycle; i . e . , air-cooled flight-type nuclear reactor sys tems. In general, the latest tech­
niques and methods were applied to obtain a high degree of optimization in the design of 
these high-porosity, high-power-density, high-temperature reac tors . Use was made of 
IBM 704 and 7090 digital computers to permit handling the otherwise impossible volume 
of arithmetic associated with detailed analyses of the complex systems. This section pro­
vides general descriptions of the programs and their uses . Detailed information on a pro­
gram can be obtained from the appropriate reference, 

2.1 OFF-DESIGN PROGRAM 

The Off-Design Program (ANP 443) for the IBM 704 digital computer utilizes a one-
dimensional approach to determine the compressible-flow character is t ics with friction, 
a rea change and heat addition in a single flow passage. The analysis and programl em­
ploys an approximate integrated form of the differential equation for pressure loss. The 
approximate form approaches the exact form as the increment in passage length tends to 
ze ro . Entrance and exit total p ressure losses are calculated as specified fractional 
coefficients of the entrance and exit dynamic p re s su re s , respectively. Heat release is 
prescr ibed longitudinally in the form of a power profile. 

Major input data consists of incremental lengths (called stages), stagewise hydraulic 
diameters and free-flow areas , power profile, inlet total p ressure , inlet and exit total 
temperatures and mass flow. Normal output data include system exit total and static 
p res su re , stagewise average Reynolds numbers, and the following quantities evaluated 
at the exit of each stage: total temperature, total p ressure , surface temperature, dy­
namic p res su re , static p ressure , and Mach number. 

The program was originally conceived as a means of estimating the off-design-point 
aerothermal performance of nuclear reactor cores . Subsequently, it has also been ap­
plied with good resul ts to the prel iminary design of nuclear reactor cores, sizing of 
shielding and control rod coolant passages, and to virtually any kind of flow passage. 
Because it was intended as a preliminary, fast-running design tool, all physical proper­
ties are evaluated at the total bulk temperature (a very minor e r r o r at the low Mach 
numbers of interest) and flow is considered to be choked if the Mach number reaches 
0, 9 or higher. 

2.2 HEATED ANNULI AND ANSECTOR COMPUTER PROGRAMS 

During development of the concentric-ring type fuel cartr idge, the heated-annuli com­
puter program was devised in order to analytically compute aerothermal performance 
for this particular fuel element design. The cartridge consisted of a number of distinct 
* 

Superscripts refer to the reference l i s ts th.it appear at the end of eacli sect ion. 
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stages, each separated from its neighbor by a fixed gap. Each stage, in turn, consisted 
of a number of fueled concentric r ings . The concentric-ring design is described fully in 
3 . 1 . 3 . 

The thermal analysis of the concentric-ring element consisted of making a heat balance 
on each of the fuel element rings within a stage. In this balance, the assignable heat was 
assumed to be circumferentially uniform, and when generated in any ring was dissipated 
in four ways: (1) t ransfer of heat by convection to the adjoining outer annuli, (2) transfer 
of heat by convection to the adjoining inner annulus, (3) transfer of heat by radial radia­
tion to the immediate neighboring outer rings, and (4) transfer of heat by radial radiation 
to the immediate neighboring inner r ings. A heat balance may also be made on each annu­
la r flow passage in a stage. Here the enthalpy r i se , from inlet to exit within a given annu­
lus of a stage, was equated to the heat t ransferred by convection from the two rings 
forming the annulus. 

From the process described above, it is possible to write, for any stage, a set of 
N nonlinear algebraic equations for N unknown temperatures which consists in part of 
annulus-exit bulk temperature and temperatures at the trailing edge of the fuel ring. In 
addition to the unknown fuel-ring and bulk temperatures , the equation set also contains 
unknown temperatures in the radial direction through the moderator section associated 
with the fuel cartr idge hole, and finally, the moderator coolant temperature . These equa­
tions are all nonlinear because they involve both thermal radiation interchange and a 
nonlinear dependence of heat transfer coefficient on surface and bulk temperature. 

To solve this equation set, t r ia l values are assigned to the temperatures and the 
nonlinear temperature-dependent coefficients are evaluated. The equation set is now 
linear and a first solution is obtained. With these new temperatures , the coefficients 
a re re-evaluated and a second solution to the set is obtained. This process is repeated 
until convergence is achieved. 

The temperature solution for the first stage, as described above, is based on an a s ­
sumed average mass-flow velocity through each annulus. After this solution is obtained, 
the pressure loss (compressible flow with friction and arb i t ra ry heat addition) is evalu­
ated for each annulus. In general, this results in different annuli stage-exit static 
p r e s s u r e s . The assumption is made that the correct mass-flow velocity distribution 
among the annuli in a stage is such that all static p ressures at the stage-exit plane are 
equal. Consequently, adjustments are made to the initial assumed mass-flow velocity 
distribution, and the entire temperature and pressure-drop calculation is repeated. The 
procedure is i terated until all exit static p ressures are the same. Thus a unique flow 
and temperature distribution is obtained for the first stage. 

This final mass-flow velocity distribution becomes the initial t r ia l distribution into the 
second stage, and the second-stage calculations are carr ied out in identically the same 
manner described for the f irst . Ultimately, the aerothermal performance for the entire 
cartridge is obtained. During the process of flow readjustment among the annuli that 
takes place in the gap region between two successive stages, the attendant enthalpy addi­
tion or deletion associated with these flow changes is suitably accounted for, in order to 
maintain an over-al l heat balance. In addition, provisions are made to preserve con­
tinuity of flow, and to allow for continual geometry changes from stage-to-stage. 

The original temperature analysis for this program was previously reported.2 This 
original analysis was a more ambitious attempt to ascertain the actual variation of wall 
and bulk temperature with axial position through a stage. This procedure was coded for 
operation on an IBM 650 computer. The running time for a full cartr idge was found to be 
prodigious, even when extrapolated to the speed of an IBM 704. This led to the compro-
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mise analysis qualitatively described in this section and previously reported,"^ The IBM 
704 program number associated with this analysis is ANP 23, 

With the completion of the heated-annuli program, attention was directed to the ad­
vanced problem of determining the effect on ring temperatures , bulk temperatures , and 
flow character is t ics of circumferential power variation within the fuel rings. This r e ­
sulted in the conception and design of the "ansector" program,"* In essence, this program 
is an iterative application of the heated-annuli program. The 360 degrees of circum­
ference within a stage is divided into six 60-degree sectors , and the heated-annuli tech­
nique is applied to each sector portion of an annulus - hence the nam.e ansector. As in 
the heated-annuli program, the final flow distribution is assumed to be that which results 
in all ansectors of a stage having the same exit static pressure , and in which an enthalpy 
balance and continuity of mass flow is maintained. The IBM 704 program number asso­
ciated with the ansector problem is ANP 2. 

2.3 REACTOR CORE TRANSIENT TEMPERATURE PROGRAM 

The purpose of this program is to make a simultaneous gross transient analysis of 
two reactor components, such as fuel and solid moderator or fuel and reflector, each 
having variable internal heat generation and a cooling flow passage, A single flow passage 
cannot be used to cool both components. The program is written assuming air to be the 
coolant for both components. The program could be adapted to other fluids by changing 
various empirical constants. Transient temperature and pressure distributions are com­
puted only for the longitudinal direction, which is the direction of cooling flow; I . e . , 
radial and circumferential variations within a component are not determined. However, 
heat transfer by conduction from one component to the other, through an arbi trary r e ­
sistance separating them, can be considered. Longitudinal conduction is considered in 
the analysis of one component and not m the other so that a dual analysis of a single 
physical component can be made to investigate this effect. Radiation is not considered. 
Variable material propert ies may be given as input. Friction-factor and heat-transfer 
coefficient correlations may be given for laminar, transition, and turbulent flow, and 
the crit ical Reynolds numbers for determining the flow type may be given arbi trar i ly and 
independently for each component. 

An added feature of the program is the determination of cooling flow redistribution for 
a configuration in which the cooling flow enters the two components from a common 
plenum and exhausts to a common plenum. Since, in general, the two components will 
have different heat-generation rates as a function of t ime, the magnitude of flow resistance 
will vary for the cooling passages of the two components. Thus, a portion of cooling flow 
will shift from one passage to the other where there exists a smaller flow resistance. 
The program adjusts the cooling-flow split as a function of time in order to effect equal 
static p ressures at the exit of both cooling passages. 

Although the program does not give a detailed solution, it does give insight into problems 
which do not apply directly, such as radial thickness in a component where the radial 
gradient is of concern; or a ser ies of fuel plates where only an "average" solution is ob­
tained. In such conditions, the program will indicate the critical position in space and 
time which may be subsequently investigated in detail. Because of the redistribution of 
cooling flow, this position would be difficult to determine by a hand calculation. The most 
significant advantage of this program relative to a general nodal-point, relaxation pro­
gram (see section 2. 4) is that less time is involved to set up the input data, and computer 
operating time is greatly reduced. 



The method of analysis is to write a heat balance about an incremental length of each 
component and the cooling passage of each component. The derivatives of temperature 
with respect to distance and time are then approximated by dividing the core length into 
four equal segments and using finite-difference techniques. The result is a system of 
twenty simultaneous linear equations involving twenty unknown temperatures which can 
be solved at each time throughout a transient solution. 

The output data of the program for each component a re the following: component surface 
temperature , cooling-air temperature , total and static p ressure , Mach number, and 
Reynolds number at the five longitudinal positions (x/L = 0, 0. 25, 0. 5, 0,75, 1, 0); maxi­
mum component surface temperature and its x /L location; and the cooling-flow distribution. 

The required inputs are tables of component material propert ies (air properties are 
built-in), time intervals to be investigated, and total cooling flow as a function of time 
(an option is to give the flow split-up if it is known). In addition, the following data are 
required for each passage: length, hydraulic diameter , free-flow area, heat- transfer 
per imeter , and volume; inlet and exit p re s su re - los s coefficients; friction-factor and 
heat- t ransfer coefficient correlations; and heat-generation rate, inlet-air temperature , 
and inlet p re s su re as functions of t ime, 

A detailed description of this analysis was published. The digital program number is 
ANP 330, 

2.4 TRANSIENT HEAT TRANSFER(THT) PROGRAM 

2. 4 .1 Version A (THTA) 

The Transient Heat Transfer (THT) Program permi ts the analysis of complex transient 
and steady-state heat transfer problems that can involve radiation, convection and con­
duction. The program is based upon the finite difference technique of dividing the geometry 
of the problem into a one-, two-, or three-dimensional network of nodal volumes (up to 200 
nodes may be used). Material propert ies are considered to be uniform within a given node 
and are evaluated at the temperatures at the centers of the nodes. The coordinate dimen­
sions of each node, the physical propert ies of the node materials as functions of tempera­
ture , and the boundary conditions and internal heat generation as function of time and/or 
temperature make up the input data for the programs. The output consists of node tem­
pera tures for desired time intervals, measured from the beginning of the transient. The 
program calculates the surface areas and volumes of nodes, interpolates physical proper­
ties and boundary conditions from input tables, assembles a heat balance In the Implicit 
form for each node and then solves the system of N equations relating the N unknown node 
temperatures . This process Is repeated for each specified time step In the transient until 
temperatures at node centers have been computed for all the time steps. 

Since the program is based upon the Implicit form of finite difference equations, the 
solution is stable for any length-of-tlme step, 

2, 4. 2 Version B (THTB) 

The THTB program is s imilar to the THTA program, with the following additions: 

1. A generalized form of data storage Is used whereby the data fields are not p r e -
asslgned but are Identified by the program on the basis of the data actually loaded. 
As a result , no memory locations are left unused and the node capacity can be as 
high as one thousand, the actual number being dependent on the number of boundary-
condition, t ime-s tep , and mater ial-property entr ies which have been made. 
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2. The option exists to recompute temperature-dependent propert ies . Including thermal 
radiation coefficients, based on the temperatures at the middle of the time step 
rather than always at the beginning of the time step, as Is the case In THTA. More 
accurate solutions are obtained by this technique. 

3. The number of connections to thermal radiation sources or sinks Is unlimited, com­
pared to a maximum of three per node face In THTA. 

2.5 ISOTHERMAL 90-DEGREE FOLDED FLOW PROGRAM 

This program was devised to compute the flow distribution through a number of parallel 
channels of variable res is tance which discharged into an exit manifold plenum. After d is ­
charging into the plenum the flow is forced to turn, due to the presence of the manifold 
wall. The turn angle may be as high as 90 degrees. The Incompressible flow through the 
channels was assumed to be Isothermal, and each channel had the same inlet p res su re . 
The main input into the program consisted of assigning the resistance of each channel, 
the coordinates of the discharge plenum header wall, and the total weight flow. The output 
consisted of the weight flow distribution through the channels and the discharge plenum 
pressure , velocity and streamline pattern. 

The main assumptions in the analysis for this program were: (1) the pressure was In­
variant In the exit plenum In a direction normal to the discharge plane of the multiple 
channels, (2) the flow along the exit manifold plenum wall was frlctlonless, and (3) the 
flow discharging from the exit channels Incurred one dynamic head loss In making the 
pr imary turn In the manifold exit header. 

The analysis and programming of this problem Is available. The digital program num­
ber Is ANP 145. 

2.6 FANTANA (Flow and Temperature Analysis-Version A) PROGRAM 

This p rogram" Is s imilar In many respects to the THTA program described In Sec­
tion 2.4. It employs the Implicit form of the finite-difference heat balance and uses the 
accelerated Gauss-Seldel method of solving the resulting large system of simultaneous 
equations for both the transient and steady s ta tes . The manner of describing the nodes 
Is exactly the same. 

FANTANA, however, will also ca r ry out compressible pressure drop computations 
for fluid passages adjacent to solid nodes or embedded in a matrix of solid nodes wherein 
either the mass-flow and exit static pressure level or only the Inlet total and exit static 
p ressure levels are prescr ibed. The analysis employed also accounts for "pumping 
energy" resulting from centrifugal force fields. 

The program computes Its own convective heat t ransfer coefficients at the Interfaces 
between fluid and solid nodes. Alternatively, film coefficients can be prescribed, as in 
THTA. 

FANTANA uses a generalized form of data storage whereby data fields are not preasslgnec 
but are Identified by the program on the basis of the data actually loaded. As a result , the 
number of nodes which can be handled by the program ranges from 600 downward, depend­
ing on the number of boundary-condition, t ime-step, and material-property entr ies . 

FANTANA Is the only program available which can ca r ry out flow calculations coupled 
with a transient thermal analysis for large sys tems. Consequently, It has been applied to 
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the transient analysis of many nuclear reactor components such as fuel elements, solid 
moderators, control rods, and shields. 

2.7 COMPRESSIBLE FLOW NETWORK PROGRAM 

This program (ANP 622) for the IBM 704 and 7090 digital computers will compute the 
compressible-flow distribution In arbitrarily-connected, non-Isothermal networks. Net­
works may contain as many as 55 branches (characterized by the fact that all components 
In a branch carry the same mass flow), 40 Internal junctions where two or more branches 
meet, and 30 external junctions which connect to external pressures and flow sources or 
sinks. Each branch can consist of as many as 25 stages, each of which may be an Incre­
mental length along a flow passage or may be some component whose pressure loss char­
acteristics can be simulated by a fractional coefficient of the upstream dynamic pressure. 

The analytical structure of the program,^^ Is as follows: The pressure-drops along the 
individual branches are computed by the analysis described in section 2 .1 . An Incompressi­
ble network Is computed which Is mathematically equivalent to the compressible network 
for the particular set of mass-flows and pressure-drops under consideration. Then, the 
consistency of Incompressible network pressure-drops Is checked by means of the analy­
tical methods.^^ If the Incompressible flow network pressure-drops are not consistent, a 
new set of mass-flows is computed and the compressible pressure-drops are recomputed. 

Normal input to the program Includes network connection data, detailed branch data, 
a heat transfer relationship, entrance and exit loss coefficients for the branches which 
must Include flow-splitting and mixing losses, external pressure levels, and flow-source 
temperature levels. Normal output Includes branch mass-flows, external flows. Internal 
junction pressure and temperature levels, tolerances on the results of Iterative calcula­
tions, and optionally, detailed output for the branches similar to that described for the 
Off-Design Program In section 2 .1 . 

The Compressible Flow Network program can easily handle complex systems which 
otherwise would probably have been built and tested in preference to application of the 
extremely tedious and Involved Iterative techniques previously required for the solution 
of such problems. 

2.8 ISOTHERMALIZE PROGRAM 

This program (ANP 439 and 743)^ Is an outgrowth and extension of the Off-Design Pro­
gram. It enables the aerothermal designer to apply directly the design constraints such as 
pressure-drops and maximum surface temperatures, rather than limiting him to the normal 
Input of the Off-Design Program. Prior to availability of the Isothermalize program. It was 
necessary to do considerable cross-plotting of the results of Off-Design calculations In 
order to match design criteria. The Isothermalize Program calculations are carried out 
by means of a system of numerical Interpolations and/or extrapolations whereby the pro­
gram will systematically vary two of the normal Input variables to an "Off-Design" calcu­
lation routine until the design constraints, which are ordinarily dependent upon the normal 
Input, are satisfied by the results of the Off-Design calculations. 

Two versions of the Isothermalize program are available, one each for the IBM 704 and 
7090 digital computers. The 704 version (ANP 430) Is limited to circular passages and 
accepts the following as normal Input: pressure-drop In the form of ratlo-of-exlt static 
or exit total to inlet total pressure, maximum surface temperature, either bulk-discharge 
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total temperature or passage hydraulic diameter, total cross section for flow and solid 
associated with the passage, and virtually complete passage description. Normal output 
Includes all normal Off-Design output plus a separate tabulation of the hydraulic diameter, 
discharge total temperature , mass velocity, and total heat re lease , and, optionally, tables 
of volumetric heating r a t e s , and s t r e s s levels, for cylindrical tubes. 

The 7090 version (ANP 743) has additional options: one allows the use of non-circular 
c ross section passages (rectangular, elliptical, e tc . ) while another option permits the 
designation of total heat re lease as a design constraint, and allows Inlet pressure to be 
calculated when geometry, flow, exit p ressure and maximum surface temperature are 
predetermined, as in a nuclear rocket core. Output is similar to that from the 704 ver­
sion except that no s t r e s s levels a re calculated for the additional c ross sections. 

The 7090 version actually embodies the General Flow Passage Program (see section 2.9) 
ra ther than the Off-Design Program and superimposes an additional level of iteration In 
order to satisfy the additional design constraints, 

2.9 GENERAL FLOW PASSAGE PROGRAM 

This program (ANP 663) is a growth version of the Off-Design Program (see section 
2.1). It utilizes the same analysis and deals with a flow passage of fixed geometry. Instead 
of being limited to the same input variables as the Off-Design Program, however. It will 
accept as Input any combination of the Off-Design Input-output variables which can be 
satisfied by suitable iteration of either the Inlet total pressure or the mass flow. It also 
provides, optionally, for automatic computation of interstage expansion or contraction losses 
If an a rea change Is encountered, or for a rb i t ra ry Interstage loss coefficients to be p re ­
scribed. Input and output a re generally s imilar to that for the Off-Design Program. 
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3. ANALYTICAL AND EXPERIMENTAL COMPONENT INVESTIGATION 

The complexity of an aircraft nuclear power plant, with the attendant high cost of full-
scale tes t s , dictated considerable reliance on system-analysis and on component develop­
ment. This portion of the report summarizes the fuel element configurations which were 
given serious consideration and the means of determining their characterist ic coefficients. 
It also discusses fluid-dynamic and heat-transfer considerations of ANP reactors and of 
reactor auxil iaries. 

3.1 FUEL ELEMENT CONFIGURATIONS 

3.1 .1 Para l le l Flat Plate Fuel Elements 

One of the first fuel element configurations seriously considered In the direct cycle 
system used paral lel plates as In the R-1 reactor (see APEX-902). One of the several ge­
ometry arrangements , for which the heat transfer and pressure drop characteris t ics were 
Investigated, is that shown In Figure 3 . 1 . 

Prel iminary evaluation of heat transfer performance of several parallel plate configura-
tions^ Indicated that data could be reasonably correlated by an equation of the form 

•0.2 
= 0.025 

CpG ( f ) <" 
Where 

h = heat transfer coefficient 
Cp = specific heat of air 

G = mass flow velocity 
D = hydraulic diameter 
/I = viscosity of air 

Both Cp and ji a re evaluated at exit bulk-air temperature . The corresponding best cor re­
lation of friction-factor data was achieved by the use of a multiplier of 1. 5 on the usual 
friction-factor relationship for flow in rough pipes. 

Intermediate appraisals of more heat transfer datal> 2, 3 indicated that Improvement 
In correlation could be obtained by assuming 

T^O. 8 QO. 8 
h = A g o . 7 L 0 . 2 (2) 

where A Is an experimentally determined constant, T is the temperature, L is the stage 
length, and the subscripts b and f refer to bulk and film conditions at the stage exit. 
Equation (2) was an attempt to factor in thermal entrance-region length effects on the heat 
transfer coefficient. 



Fig 3 1-Typical parallel plate fuel element configuration 
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With continued over-al l analysis on flat-plate sys tems, it became apparent that the ratio 
of stage length to average hydraulic diameter would be 10 or greater . Since in turbulent 
flow, the heat t ransfer coefficient is essentially fully-developed when this ratio is about 
10, stage trailing-edge heat transfer coefficients were determined to be best correlated by 

. .Gb0"8 TbO-8 

where the mass-flow velocity Gb is based on the average fluid velocity and the exit bulk 
density. "* 

From an evaluation of the performance of a ceramic-plate fuel element,^ it was con­
cluded that an exit bulk temperature of 2030°F, from a 13-stage cartridge, could be 
realized with a maximum plate temperature of 2640°F. The attendant total p ressure loss 
through the core was 15 percent of the inlet p re s su re . 

A simplified se r ies of graphic calculations suitable for rapid analysis of thermodynamic 
design problems associated with the use of plate-type fuel elements in direct-air-cycle 
reac tors were developed.6 

3.1.2 Pebble-Bed Fuel Element Matrices 

To achieve higher heating-surface temperatures and smaller cores , consideration was 
given to the concept of using enriched UO2 - BeO pellets in a pebble-bed matrix. 

A preliminary thermodynamic study was made of a ceramic pebble-bed fuel element 
proposed for a tubular-type reactor."^ The study indicated that because of the interrelation 
and mutual sensitivity of these design limitations, sizing and performance should be de­
termined by a combined study of heat transfer, p res su re losses, and thermal s t r e s s . The 
thermodynamic study consisted of a parametr ic investigation of the effects of bed porosity, 
pebble size, airflow ra te , fuel inventory and cladding thickness on pebble temperature, 
exit air temperature, and pebble s t r e s s . The published resul ts of the study"^ summarize 
the most appropriate equations for the determination of heat transfer coefficient and 
friction factor. 

A thorough review of unclassified l i terature, a compilation of source material, and a 
detailed examination of the equations to predict heat transfer and pressure drop resulted 
in a published guide for packed-bed design work.^ 

A qualitative study of factors (variation in local porosity, support effects, etc.) which 
influence p ressu re loss evaluations was conducted.^ In this study, GE-ANP tests were 
conducted on beds 1/4 and 1/2 inch in thickness which contained steel balls 1/16 and 1/8 
inch in diameter. The tests were made with both straight and diffuser entrance sections. 
The main conclusion drawn from this investigation was that a generalized formulation for 
the accurate determination of p res su re loss through any type of bed geometry is not 
possible and that good data correlation can only be achieved for a specific geometry and 
pebble packing. 

A GE-ANP hydraulic flow test using water was conducted on a specific pebble bed in 
both normal and oblique flow.^^ The bed contained steel balls 1/16 inch in diameter, had 
frontal dimensions of 2 inch by 1 inch, and a depth of 5/16 inch. In the oblique flow test, 
the angle between the bed face and the inlet water flow direction was 3. 6 degrees. The 
resul ts of this test indicated that the pressure drop in this particular oblique flow con­
figuration was about 1. 6 t imes that in normal flow and that the test pressure drop coef­
ficient fell in the theoretical band range developed in "Aerodynamics of Propulsion" by 
Kucheman and Weber. 

• • • » . 
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3 . 1 . 3 Concentric Ring Fuel Elements 

This configuration received possibly the greatest amount of development effort, pr inc i ­
pally because of its good s tructural integrity as proven during operation of HTRE No. 1, 
No. 2, and No. 3. A typical cartr idge assembly is that shown in Figure 3. 2. 

As can be seen in Figure 3. 2, the cartr idge, which fitted into a core fuel tube, contained 
a number of fuel element stages in the active core region. The cartridge design used in 
HTRE No. 1, contained 18 s tages. Each stage was 1. 5 inch long and was separated from 
its neighbor by a gap of 1/8 inch. Each stage was composed of a number of concentric-
fueled metallic r ings, and the coolant air passed through the annular spaces formed by 
these r ings . 

Using the basic aerothermal relationships developed for the design of concentric ring 
elements^l the predicted performance for the cartr idge design used in HTRE No. 1 is de ­
rived. ^^ Specifically, it is shown how the final design necessi tates a consideration of the 
inter-relat ion of engine variables, fuel element aerothermodynamic relations, nuclear 
character is t ics of the active core and p ressu re and heat- loss character is t ics of the aux­
iliary systems connecting the engine to the reac tor . 

An approximate method of predicting both the drag and the p ressu re loss of a concentric-
ring fuel element in a circular duct is feasible.^^ This method is based on a momentum 
analysis which considers the drag or p re s su re drop distribution of each individual com­
ponent of the fuel element. This method predicts p ressure losses that agree within 20 p e r ­
cent of ejqjerimental resu l t s . 

An experimental evaluation was made of the airflow character is t ics of a system of 
paral lel flat plates.^^ The test r ig was a nearly exact model of a concentric-ring element 
approximately eight t imes element s ize. The main conclusions drawn from this test were: 

1. The presence of gaps between stages adds about 25 percent to the p ressu re drop. 
2. Rounded leading edges reduce p ressu re drop by 10 to 12 percent as compared with 

square edges. 
3. Three sets of paral lel plates in se r ies have an over-al l p res su re drop about 2-1/2 

times that across a single set of plates. 
4. P r e s su re drops within the stages are not appreciably influenced by induced turbu­

lence at entrance of the first stage, or angle-of-attack of entrance flow. 

An experimental investigation, using room temperature air , was made to determine the 
effect of variation in stage length and interstage gap on p ressu re loss.^^ The resul ts showed 
that the p ressure loss through four 1-1/2 inch long elements was approximately 1. 6 t imes 
the loss through one 6-inch long element. The p ressure losses caused by a 0.125 inch 
interstage gap were 10 percent greater than when the interstage gap between elements was 
reduced to zero. 

The possibility of lowering radial leading-edge deformations in a concentric-ring stage 
by staggering the rings was investigated. 1^ The deformations were believed to be due to 
nonsymmetric vena contracta effects at the entrance of a stage. The purpose of the tests 
was to determine the comparative p ressu re losses for the following two designs: (1) rings 
staggered so that the leading edge of every other ring was 0.1 inch behind the ring ad­
jacent to it on either side, and (2) rings staggered so that the profile of the leading edges 
formed a cone. In either of the above two designs, three identical stages were tested in 
se r i e s . The resul ts indicated that there was a p ressu re loss of approximately 1.45 times 
the upstream dynamic head (for three stages) with no discernible difference in loss be ­
tween the two designs. 

Initial designs of concentric-ring fuel elements incorporated channel spacers to main­
tain ring concentricity. To enhance structural integrity, a design was conceived in which 
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combed r ibs were substituted for spacers on the front face of a stage and spacers e l s e ­
where in the annuli flow space were eliminated. One such design was aerodynamically 
tested. 1"̂  This cold-flow test was conducted on two different such configurations; one with 
the front support combs and outside guide ra i l s set normal to the face of the element, and 
one with the combs and ra i l s set 20 degrees to the normal. The purpose of the canted combs 
and twisted ra i l s was to produce a swirling flow which alternately washed over cold and 
hot surfaces a s it passed through the fuel elements. Tests were conducted to determine the 
amount of swirl promoted by setting the combs at an angle of 20 degrees to the normal. 18 
The p ressu re loss for the configuration with angled combs and ra i l s was 20 to 35 percent 
greater , depending on Reynolds number, than that with straight combs and r a i l s . ̂ '̂  

A preliminary analytical evaluation was made of the effect of swirl flow on reduction 
of fuel-plate temperature overages due to circumferential power scallops. ̂ ^ This analysis 
indicated that for a maximum-to-average rat io of circumferential power of 1.15, a r educ­
tion in the hot-spot plate temperature of 250°F might be realized, neglecting any increase 
in p re s su re loss due to swirling. When swir l p res su re losses are included, the hydraulic 
diameter must be increased to reduce the p re s su re loss so that it will be equal to that 
of the no-swirl case, thus leading to higher wall temperatures . It was predicted that if the 
additional losses due to swirling amounted to 50 percent of the no-swirl p res su re loss, no 
gains due to swirl flow are possible. 

Cold-flow p res su re drop tes ts were conducted on a three-stage concentric-ring comb-
type cartr idge before and after it was subjected to 1900°F gas flow (products of combustion 
from propane and air) in the burner r ig test station. The resul ts of this test,20 indicated 
that before burner r ig testing, the friction factor was 1. 54 times that for rough pipe. After 
testing, the multiplier had increased to 1. 64. This increase was attributed to oxidation of 
surfaces and some structural deformation of the cartr idge while in the burner r ig . 

Three concentric-ring cartridge designs were tested in cold flow to determine their 
p res su re drop character is t ics .21 Two of these designs were ultimately used in HTRE No. 
3, while the other was a prel iminary design in the iteration process leading to the final 
design. In each of the three tes ts , Reynolds number was varied from 5 x 10^ to 1 x 105, 
and inlet Mach number was varied from 0. 01 to 0. 27. Except at low Reynolds numbers 
(5000 or less) , friction factors could be correlated, with a maximum band spread of ±3 
percent for the prel iminary design and ±2 percent for the HTRE No. 3 types by an equa­
tion of the form 

f = a R e - 0 . 1 4 (4) 

where the constant a had the values 0. 053 for the preliminary design and 0. 048 and 0. 049 
for the two HTRE No. 3 designs. In addition to cartridge friction-factor determination, a 
correlation of inlet tube p ressu re losses in upstream hardware, is also presented for the 
HTRE No. 3 designs.21 

Cold flow friction-factor data obtained from a 19-stage cartridge with rounded leading 
edges was compared to that obtained from square leading ec%es.22 The resul ts indicated 
that the square-edge element has a friction factor that is about 16 percent higher than the 
streamlined element for a range of Reynolds numbers from 15, 000 to 65, 000. 

3 .1 .4 Shaped-Wire Fuel Elements 

In the course of fuel element configuration development, attention was given to the use 
of semi-ell iptical shaped wire as a possible means of improving heat transfer cha rac t e r i s ­
t ics . A preliminary performance evaluation of a streamline wire fuel element in a typical 
core tube was made.23 This study was based on the p re s su re drop data of Joyner and 
Palmer24 which were for staggered banks of streamline tubes, and the single-wire heat 
transfer correlation presented in "Heat Transmiss ion," McAdams, 2nd edition. The 



•CONriDCNTIAL 29 

analysis, based on flat reactor power, indicated that for a 30-inch length of fuel cartridge, 
an exit air temperature of 1700°F could be realized with a maximum wire temperature of 
2200°F and a rat io of outlet-to-inlei total p re s su re of 0. 907 in the tube. 

In the first GE-ANP e3q)erimental investigation to determine the pressure loss charac ter ­
is t ics of a shaped-wire fuel element, friction factors were obtained that were slightly higher 
than those obtained by Joyner and Palmer, and there was considerable scatter in the data. 
The geometry of the cartridge investigated is that shown in Figure 3. 3. It was reported 
that better data correlation could be obtained by further examination of the effects on p r e s ­
sure drop of: (1) wire radial spacing, (2) wire pitch spacing, (3) wire shape, (4) wire size, 
and (5) length of test specimen.25 

The resul ts of tests on five different geometries in which the wire radial spacing and the 
wire pitch spacing was varied was reported.26, 27 in all of these tests , the wire was semi -
elliptical in shape and had major and minor axes of 0,160 inch and 0. 020 inch respectively. 
All test specimens were six inches long. As a consequence of variation in radial and axial 
spacing of the wire, each of the five specimens had a different hydraulic diameter, resu l t ­
ing in a range of values from 0.133 inch to 0.196 inch. 

The final correlation of the test data on the five specimens was published.27 with the 
exception of 17 out of some 150 data points, friction-factor variation grouped in a band of 
width ±10 percent from a mean correlation line. 

3 . 1 . 5 Corrugated Surface Fuel Elements 

The corrugated surface was investigated as a potential fuel element design mainly be ­
cause of its s t ructural integrity and possible increased heat transfer performance. For 
this part icular design, the coolant airflow was in a direction perpendicular to the cor ru­
gations of the fuel plate. 

Three different designs incorporating the corrugated surface were investigated. These 
were (1) a stacked assembly of corrugated plates, (2) a corrugated concentric-ring a s s e m ­
bly, and (3) a corrugated radial-vane assembly. Figure 3.4 shows the design of the cor ru ­
gated concentric-ring element. In all the above designs, the wave of the corrugation is 
formed by two circular a rcs joined tangentially. The principal parameters describing 
the geometry of corrugated systems are the amplitude-to-pitch ratio, the gap-to-
amplitude rat io, the wave angle, and the diffusion angle. The wave angle is defined as 
the half angle swept by the radius in moving from one end of the a rc , forming a corruga­
tion to the other end. The diffusion angle is defined, for two separated parallel plates 
whose corrugations would be perfectly in phase if brought together, as the double angle 
between a perpendicular to the centerline of the passage and a perpendicular to either 
wall at the plane of minimum cross-sect ional area . 

Experimental resu l t s of p res su re drop and heat transfer are reported in te rms of the 
above pa ramete r s for a stacked assembly of corrugated plates.28 The resul ts of this 
investigation showed that an increase in heat transfer coefficient, above that realized 
in a straight duct, may be obtained in wavy passages . The friction factor, however, 
increases faster than the heat transfer coefficient. A measure of heat transfer effec­
tiveness is the ratio of the Colburn j-factor to one-half the friction factor. For ideal 
smooth tubes, this rat io is unity. For all the corrugated configurations tested, this 
ratio varied from 0. 95 to 0. 30 for wave angles of from 10 to 40 degrees, respectively. 

A two-dimensional analysis of subsonic potential flow between wavy walls whose 
shapes are sine waves of arbi t rary amplitude and pitch was published.29 The resul ts 
of this analysis were used to evaluate the p ressure coefficient along the walls of the 
passage. In addition to the two-dimensional flow analysis, the published report also con­
tains a method of solution for a three-dimensional flow with axial symmetry. 
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Fig. 3.4 —Corrugated concentric ring fuel element 

The predicted aerothermal performance of a particular corrugated concentric-ring 
configuration were reported. 30 The results of e^erlmental cold-flow pressure drop 
tests on the same design prior to nuclear testing in the MTR were published.31 The 
experimental results indicated that the pressure drop would be approximately three 
times that predicted in the published report.30 Care must be taken in interpreting these 
results because the sample tested was not of very good quality in terms of concentricity of 
of the rings, or uniformity of the corrugations, and the measured pressure drop included 
the additional drag of the leads of the attached thermocouples. 

A detail of the recommended design procedures for corrugated concentric-ring con­
figurations was reported. 32 The procedures proposed make use of the published experi­
mental results of the two-dimensional tests.28 

No experimental or analytical work was performed to determine the aerothermodynamic 
performance of the corrugated radial-vane assembly. A description and qualitative appraisal 
of the design was published.33 

3.1. 6 Screen and Screen Matrix Fuel Elements 

The first wire configuration considered as a potential fuel element design consisted of 
parallel wire banks similar to tube banks. A summarization of existing technology regard-
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ing heat transfer performance and p re s su re loss was made and applied to prediction of 
performance when used in the R-1 reactor.34, 35 

As a resul t of ejqjerimental tes ts conducted at NACA, heat transfer and p ressu re drop 
data specifically applicable to screen banks in se r ies was reported.36 This data indicated 
that p ressure loss could be satisfactorily correlated in t e rms of the dynamic head, the 
number of screen bank layers , and the free-flow fraction described from a one-dimensional 
frontal view of the screen bed. The heat transfer coefficient data was about 20 percent 
lower than that of the well-known Grimison data for flow over tube banks. 

Increased attention was given to furthering the knowledge of the aerothermodynamic 
character is t ics of wire screen matr ices with the advent of the P-123 folded-flow power 
plant concept (see APEX-909). Early appraisals of the screen matrix as a potential fuel 
element configuration37, 38 used the heat transfer and p re s su re drop relations of ToJi.g,39 
Later e^qjerimental data which became available was that of London et. a l .^" 

Although consistent correlation was obtained for a large spectrum of screen geometries, 
this correlation was open to some doubt as to its application to a completely heated ma­
tr ix at temperatures in the neighborhood of 2000°F. The London heat transfer data were 
obtained by a transient technique on a single heated rod within the matrix at temperature 
levels just above ambient. 

As a consequence of the uncertainty of applicability of the London data, an experimental 
program was undertaken to evaluate the heat transfer and p ressure drop characteris t ics 
of a brazed in-line crossed-rod screen matrix having essentially uniform power generation, 
and operating at temperature levels of 1700° to 2000°F. The resul ts of this investigation 
were published.^1 A summary of the test resul ts of this investigation is shown in Figure 3. 5. 

Also shown in Figure 3.5 a r e the test resul ts from the data of London for a geometrically 
s imilar configuration. A comparison of the published results '^! to those of London, show 
that the heat transfer coefficient was about 20 percent lower, and the friction factor was 
40 to 115 percent higher than London's. The friction-factor data were considerably higher 
than those of London because the screen matrix was held together by braze material at 
wire junctions (crossings), and the resu l t s were obtained from tes ts after certain amounts 
of dust had been injected into the coolant air s t ream, as shown by samples 7 and 8 of 
Figure 3. 5. 

An analysis of the detailed temperature distribution that would exist in an average wire 
at the exit face of the screen-bed matrix of the P-123 system was reported.^2 The analysis, 
based on design-point operation, indicated that a temperature difference of 13°F would 
exist in any one wire between the hottest and coldest positions in an average square formed 
by the intersection of four wires . 

Temperature perturbations due to clogging of the wire mesh were reported.43 jjj this 
test , clogging was simulated by the "potting" of ceramic cement on the inlet face of the 
screen. For a clog about 1/2 inch in diameter, the magnitude of the temperature p e r ­
turbation varied linearly with heat generation in the screen matrix and had a value of 
about 490°F, when the exi t -screen surface temperature was 2250°F and the power level 
was 876 kilowatts per square foot. 

Additional studies on clogging effects within the screen matrix due to dust contamination 
in the coolant air were made.^^> ^^ These studies were concerned with the mechanism and 
the percentage of dust collection by a bank of wires at various temperature levels. The 
resul ts indicated a serious increase in dust collection with screen temperature, approaching 
90 percent capture efficiency at temperatures above 1700°F. 

Analytical and experimental studies were made of the channel flow of air through porous 
res is tances inclined at slight angles to the longitudinal axis of the channels. An evaluation 
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Fig. 3.5 —Heat transfer and pressure drop characteristics of brazed wire 
screen matrices 

was made of the flow characteristics through a resistance bed that was inclined at an angle 
of 3-1/2 degrees to the flow direction with the downstream side of the bed discharging to 
the atmosphere.46 Tests on twenty-seven 180-degree folded-flow duct configurations that 
lead into and out of a porous bed were reported.^"^ The results of this testing definitely in­
dicated that the flow distribution through the bed is influenced by the shape of the inlet and 
outlet ducts as well as by the relative widths of the ducts. Analytical studies of 180-degree 
folded-flow systems were published. 48,49 

3.1. 7 Cylindrical Coolant Flow Channels 

With the advent of the XNJ140E ceramic-core reactor in which the air coolant flows 
through longitudinal cylindrical holes, attention was focused on the determination of vari­
ation in local heat transfer coefficient and friction factor with longitudinal position in the 
core. 

CONriD[NTI/rt 
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For fully-developed turbulent flow with constant heat flux, a local heat t ransfer coef­
ficient may be calculated from the usual Nusselt relation: 

where the subscript f denotes evaluation of fluid propert ies at film temperature . As a r e ­
sult of thermal entrance region effects and heat-flux variation through the tube length, the 
fully developed heat transfer coefficient for constant heat flux has to be modified. The 
analytical determination of the effects of thermal entrance region and arbi t rary heat flux 
on the local heat transfer coefficient were derived for the cases of laminar and turbulent 
flow respectively.^*^' ^^ In particular, it is shown that for a longitudinal power profile 
closely approximating that of the XNJ140E core, the ratio of local-to-fully-developed 
turbulent heat transfer coefficient is 1. 06 and 0. 91 just inside the active core entrance and 
at the active core exit, respectively.^1 (The XNJ140E core is described in APEX-908.) 

The resul ts of an experimental investigation to determine local friction factors in produc­
tion ceramic tubes of various wall finishes were published.52 Less detailed tests were p r e ­
viously reported. 53, 54 Specifically, the following type tubes were tested: fueled BeO tubes -
alumina coated; fueled BeO tubes - uncoated; and non-fueled BeO tubes - uncoated. 

These three types had average rat ios of root mean square surface roughness-to-tube 
diameter of 0. 00044, 0.00011, and 0. 00005, respectively. Their respective curves of 
friction factor versus Reynolds number all fell slightly above the usual minimum friction 
factor curve for a smooth tube, with the alumina-coated tubes having the Ijighest f value 
(an increase of 19 percent over smooth-tube performance at a Reynolds number of 5 x 10^). 
For purposes of XNJ140E design analysis, a multiplier of 1.15 was applied to the smooth-
tube value irrespective of Reynolds number level. 

The amount of flow that passes through the intersti t ial spaces between hexagonal tubes 
in a bundle was investigated and reported. 55 From these tests it was estimated that in a 
ceramic core composed of hexagonal tubes having internal bores of 0. 200 inch, the inter­
stitial flow would be about 0. 4 percent of the total flow. 

A comparison of round-tube to concentric-ring fuel elements was made. 5" This analysis 
indicated that a 5 to 10 percent gain in thrust-to-weight ratio could be real ized with round 
tubes if the tube diameter could be as small as 0.1 inch. For tube diameters larger than 
0.15 inch, little gain may be realized over that achieved with concentric-ring car t r idges . 
Ceramic tubes can, however, operate at higher temperatures with the resultant increase 
in power. 

For high tube-wall temperatures , heat transfer by radiation tends to approach the order 
of magnitude accomplished by convection. In addition, if there is an appreciable longi­
tudinal gradient in wall temperature, conductive heat transfer must also be considered. 
The computational mechanics for determining the heat transfer character is t ics in tube 
flow under the combined influence of fully-developed radial convection, axial conduction, 
and radiation were reported. 57 The nonlinearity of the problem necessi tates the repetitive 
solution of a linear simultaneous equation-set until convergence is achieved. 

An analytical solution for the temperature distribution in a cross-sect ion of a fuel rod 
matrix was obtained.58 The fuel rod consisted of a right circular cylindrical solid con­
taining a uniformly distributed heat source, a central coolant hole channel, and k sym­
metrically placed coolant hole channels located on a bolt circle of arbi t rary radius . The 
outer surface of the rod is surrounded by a solid annular ring having a different uniform 
heat source and an insulated outer boundary. This analysis was chosen because it appeared 
to offer a simpler method than the THT program for determining effects of geometry p e r ­
turbations on temperature distribution. 
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3.2 REACTOR AEROTHERMODYNAMICS 

Significant experimental data and significant analytical work in reactor aerothermo-
dynamics not specifically related to a part icular design will be reported here . 

3. 2.1 External Influences 

Design of flow passages external to the reactor may influence entrance and exit p res su re 
losses, inlet velocity profiles and reactor flow distribution. Final performance predictions 
for reactor operations have been based largely on e3q)erimental data obtained from iso­
thermal flow tes ts of scale-model simulations of reactor and shield configurations. 

Matching of fuel element power to fuel element airflow is a significant step in the design 
of r eac to r s for high-performance nuclear power plants for aircraft. A mismatch of 5 p e r ­
cent in a local coolant channel can lead to an additional fuel element temperature requ i re ­
ment of about 100°F, or alternately, for a given fuel element temperature limit, the turbine 
inlet temperature would have to be reduced by about 60°F which in some power plants may 
be equivalent to about a 5 percent reduction in thrust . 

ANP design pract ice has been to design external ducting so that the influence on core 
flow distribution will be relatively small - no more than about 5 percent deviation from 
average flow. Flow distributions as measured in the scale-model tests a re then used in 
the design specifications that control power distribution. Any imperfect matching that is 
predicted in the design process is accounted for in the prediction of maximum calculated 
fuel element temperature . Uncertainties in flow measurement are estimated and the c o r r e ­
sponding temperature effects are statistically added to temperature effects resulting from 
other measurement uncertainties; e. g. , cr i t ical-experiment flux, fuel loading, and flow-
passage dimensions, to determine an allowance in fuel element temperature for measure­
ment uncertainties. The sum of this allowance and the maximum calculated temperature 
become the prediction of the maximum fuel element temperature or the hot-spot temperature. 

The HTRE No. 1 reactor configuration as tested in the Core Test Facility (CTF) was 
characterized by relatively large plenums above and below the core (about 1 foot axial depth 
for the upper plenum and a depth in excess of 1 foot for the bottom plenum). 

Data for core inlet Mach number range of 0. 048 to 0.153, from test runs on a scale 
model, indicate that there a re no regions of significant flow deficiency nor any pattern of 
maldistribution. Description of the test apparatus and a summary of data were published. 59 

The HTRE No. 3 reactor was the first reactor operated in a flight configuration shield. 
Design objectives of low weight and small external envelope led to plenums of significantly 
smaller axial height than those of the HTRE No. 1 design. Again, extensive scale model 
tests led to acceptable flow passage designs at either end of the reactor . This experimental 
program and the resulting data were reported.60 Typical flow distributions for HTRE No. 3 
are summarized in Figure 3. 6. The HTRE No. 3 final design and two alternative configura­
tions were investigated. Significantly, the flow maldistribution was limited to the same mag­
nitude as was realized in the HTRE No. 1 design even though the shield plugs were located 
only a few inches from the ends of the reactor . 

Porous wavy-wall shield plugs were introduced in the XMA-IA power plant design. Flow 
distribution data within the reactor core along with other experimental data for a se r ies of 
configurations have been published.^1 Horizontal and vertical orientations of both the front 
and r e a r wavy-wall shield plug passages were investigated together with the effect of s imu­
lated compressor swirl . Magnitude of deviation of flow from average value did not vary 
significantly with several configuration modifications. However, location of maximum and 
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minimum flow regions within the frontal area of the core ^id vary, depending on the rotation 
of the front plug. Flow distribution data for the XMA-IA plug orientations are shown in 
Figure 3. 7. Flow deficiencies are generally 2 percent or less. 

The data shown above indicate that for several duct configurations external to the reac­
tor, designs yielding flow distributions uniform within approximately 2 percent are possible. 
An alternative design philosophy would be to design ducts for better shielding effectiveness; 
i. e., lower-volume plenums. This approach might well lead to nonuniform reactor flow 
distribution. Although it is conceivable that reactor power could be matched to a nonuniform 
flow distribution, this design approach has not been used, for the reason that measurement 
of flow distribution in cold flow tests, followed by analytical interpretation for the heat-
addition case, might lead to significantly larger uncertainties in design predictions than 
exist for the situation of near-uniform core flow distribution. 

The adoption of the annular shield duct in the forward plug of the HTRE No. 3 power 
plant results in a situation wherein the air flows radially across the front of the reactor 
and encounters a 90 degree turn entering the fuel tubes. This turn produces a non-
axisymmetric velocity profile approaching the fueled elements. Flow distribution is 
further influenced by whether the inlets are sharp or rounded, by tube position within 
the core, and by thermocouple disconnects and supporting structure located in the en­
trance region. Reasonably successful attempts were made to measure total pressure 
distribution within the inlet of tubes in the HTRE No. 3 scale model used for the pre­
viously described flow distribution studies. In an attempt to obtain more complete flow 
mapping, total head measurements were also made in a two-dimensional full-scale tube-
inlet model. Data from both these tests, shown in Figures 3. 8, 3. 9, 3.10, and 3.11, 
were published.^^ Data like these (circumferential and radial maldistributions within a 
tube) when used as input data for the Ansector program (see section 2. 2) result in 
higher fuel element temperatures downstream from the low inlet-velocity areas than 
would result from an assumption of uniform inlet flow velocity. 

3. 2. 2 Fuel Element Sizing Techniques 

Extensive use was made of the Off-Design Computer Program (see section 2.1) for 
final sizing of tubular fuel elements and for identifying average hydraulic diameter and 
total fuel element flow area per stage for concentric-ring fuel elements. Because hydrau­
lic diameter and flow area are input data, the program is used parametrically in many 
instances. Final determination of hydraulic-diameter variations within a concentric-ring 
fuel element to accommodate nonuniform ring-to-ring power distribution is accomplished 
by iterative use of the Heated-Annuli Program (see section 2.2). During design studies, 
"rules-of-thumb" or short-cut estimating procedures were evolved to minimize computer 
costs. For e3ra.mple, in the XMA-IA reactor, design philosophy was to fuel-load each 
ring in a stage in a manner that would result in uniform ring-to-ring power distribution. 
The outermost annulus is bounded by a fueled ring and an unfueled cylinder. One effective 
"rule-of-thumb" that evolved was that a reduction of 30 percent in outer annulus size 
relative to other annuli in that stage would restrict the flow enough to raise the temper­
ature of the outer ring to the same level as the temperature of the other rings. 

The Ansector Program (see section 2. 2)i is useful in relating circumferential power-
flow maldistributions to circumferential variations of fuel element temperatures. These 
relationships make possible a choice of circumferential variation of poison shim stock 
around the fuel cartridge in a manner that will limit circumferential temperature deviations 
to acceptable values without using excessive amounts of poison. 

Sizing techniques not requiring the use of computing machines are available and generally 
yield results sufficiently accurate for preliminary design. A step-by-step standard method 
of designing concentric-ring type fuel elements with particular application to the HTRE No. 1 
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Fig. 3.7 —Weight flow distribution D in tube bundle, configuration 0213, 
front plug horizontal, rear plug horizontal, with extension fins. 
Complete model including swirl and simulated " choke" plates 
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Fig 3 10 —ISO-Q plots from two-dimensional flow results for a tube in core 
location similar to that of tube A35 with nose and fin inserts 
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core was published.62 Data applicable to the design procedure a re included. Generalized 
thermal design relationships and generalized p re s su re loss computations for air in conduits 
were reported.63, 64 included is an analysis that establishes relationships among reactor 
component geometry, power level and distribution, coolant-flow ra tes and resultant t em-
peratures.63 These formulations can be used for typical thermal design problems such as 
basic coolant-channel sizing, worth of power shaping, off-design performance, and tem­
perature-perturbat ion studies. Typical examples of such studies are included. Although the 
specific presentations are for the case of turbulent flow of air in conduit type passages, 
this approach can be utilized to develop the same type of presentation for alternative cool­
ants and types of coolant passages . Generalized data for p res su re loss in air, treated as 
a compressible fluid, flowing in a constant-area, high-friction duct is presented. ^^ -pjie 
graphs included lend themselves to the sizing and rating of a i r -heat exchanger ducts and 
reactor coolant passages . Two groupings of pa ramete r s are presented; one to be used for 
establishing design and one to be used for off-design predictions. 

3. 2. 3 Fuel Element Temperature Perturbations 

Prediction of fuel element temperature perturbations is a par t of the reactor design 
process and involves considerations of power distribution, flow distribution, fabrication 
tolerances, measurement uncertainties and heat t ransfer . Discussion here will be limited 
to aerother mo dynamic phenomena that have an influence on fuel element temperature p e r ­
turbations. 

The Ansector Computer Program is sufficiently flexible with regard to input data that 
six circumferential temperatures can be computed for the trailing edge of each fuel ring 
in each stage for the situation wherein unique geometries and power loadings are specified 
in each of six sec tors . The maximum amount of detailed analysis could be accomplished 
by taking all the measured conditions; i. e . , inspection data, inlet velocity distribution, etc., 
and by use of the Ansector Program, predicting a detailed core temperature map. Time and 
cost requirements preclude this action, however. Additionally, the reactor designer tends 
to limit his pr imary concern to "hot channels"; in this case, hot ansector channels. In 
practice then, the Ansector Program is used for a few typical cases from which simplified 
and more approximate temperature-perturbation factors are derived. For example, in the 
HTRE No. 3 design a factor Fi was evaluated for the hottest sector of the tenth ring in each 
fuel cartridge for the highest- temperature stage.^^ This factor Fj was defined as being p r o ­
portional to the temperature of the hot-ring sector less the inlet air temperature. Approxi­
mation of Fj as a simple ratio of per cent-power deviation-to-per cent-flow deviation was 
proven by HTRE No. 3 operation to be a sufficiently accurate approximation. 

An analysis was made of the possible alleviation in peak bulk air and fuel plate tempera­
tures that would occur because of thermal diffusion in the air s t ream in the outer annulus 
of an XMA-IA concentric-ring type fuel cartridge.^^ A particular calculation showed only 
approximately 8°F alleviation, or about 10 percent of the temperature perturbation that 
would occur in the absence of thermal diffusion. Actually, in computing the alleviation, 
angular conduction within the fuel ring was also included. Because this effect is small, it 
is normally omitted from reactor predictions. The concept of swirl flow (discussed in 
3 . 1 . 3) was considered as a means of reducing circumferential temperature scallops but 
was never used in a reactor design because of lack of performance improvement. 

In the initial phases of the design of tubular fuel element reac tors , it was recognized 
that a flow channel formed by tubes placed end-to-end would experience an increase in core 
p ressu re loss if there was la teral displacement of the holes at the connecting ends. Also 
a channel that includes such misalignments would pass less airflow than one with no mi s ­
alignments. This would lead to a temperature perturbation in the channel with misaligned 
holes. Information for predicting p ressu re losses for flow through sections of tubing having 
sharp lateral misalignments at the connecting ends was published.^'^ Loss coefficient data 
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are presented in the form of an empirical equation containing dimensionless displacement 
as one parameter and two other pa ramete rs that are functions of upstream Mach number. 

Utilization of transition pieces at the inlet and exit of the core in the XNJ140E-1 design 
introduced two additional flow distribution questions. The first pertains to flow distribution 
within the cluster of 19 fuel tubes associated with one transition piece. The second pertains 
to the effect of misalignment between transition piece and forward reflector, and between 
transition piece and aft re ta iner . An experimental program to investigate these effects was 
devised but because of the program cancellation, was not implemented.68 

Another factor that can lead to temperature perturbations is nonuniform change of s u r ­
face roughness and flow area with operating life. A part icular experiment with Nichrome 
concentric-ring fuel elements indicated a p ressure loss increase of 10 percent due to oxi­
dation that occurred during a s tructural integrity test at operating temperatures.69 Sensi­
tivity of oxidation ra tes to temperature level were not determined in sufficient detail to 
make possible an integration of the effects over the longitudinal temperature distribution 
for evaluation of the possible resulting flow and temperature perturbation effects. 

Ceramic fuel tubes have on occasion been observed to experience one or more of several 
types of geometry changes; namely, growth or swelling, clad blistering, rippled clad, and 
hydrolysis. As an aid to understanding the influence of these effects on p ressu re loss, an 
axial static p res su re profile t r averse r and recorder was designed to measure and record 
the longitudinal static p re s su re along the axis of a fuel tube and to detect local changes in 
the static p re s su re . A description of the operation of this test unit, including a discussion 
of the types of static profiles obtained, and interpretation of the profiles in relationship to 
tube damage was published.'^^ 
3. 2. 4 Moderator Cooling 

In air-cooled moderators , design philosophy has been to design coolant passages to 
allow flow of air in excess of the predicted requirements . This procedure permits the de­
sign of coolant channels to be sized early in the design sequence. As e3q)erimental data 
a re obtained for nuclear heating ra tes and for flow resis tance, the prediction of actual 
flow requirement can be made. Typically, flow res is tances or orifices are provided in a 
range of sizes so that actual flow ra te can be set at the time of reactor assembly. If the 
reactor is properly designed for remote handling, the actual flow ra te can be changed after 
initial operation at design conditions. This procedure tends toward slightly excessive void 
volume in the reactor but is considered to be the practical approach for the design of the 
first reactor of a given type. It is anticipated that for subsequent designs, flow areas for 
moderator cooling can be reduced. 

Results of an experimental investigation of the HTRE No. 3 moderator flow configuration 
were published."^1 Friction factors for the cooling slot, and loss coefficients for the slotted 
entrance and several exit orifice s izes were determined. 

Procedures for sizing and positioning coolant holes in the XMA-IA tri-flute moderator 
were developed.'^2 The extruding process used for fabrication resulted in elliptical holes 
instead of round holes as originally intended. Convective heat transfer ra tes were com­
puted by the use of correlations for round tubes, wherein an equivalent or hydraulic diameter 
equal to four t imes the flow area divided by the heat transfer per imeter was used. For 
typical hole pat terns, temperature predictions as computed with the THT computer p r o ­
gram (see section 2.4) are shown. Also an approximate expression to determine local 
porosity is developed. 

3. 2, 5 Control Rod Cooling 

Use of air-cooled control rods in the HTRE No. 3 and subsequent reac tors resul ted in 
a requirement for a control rod design with some freedom to deflect and adapt to axial 
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distortions of the containing guide tube. The HTRE No. 3 strapped and segmented rod 
filled this requirement and also the requirement that excessive bearing loads would not r e ­
sult from thermal bowing associated with nonuniform heat removal from the surface. Tem­
perature predictions were determined from the computer programs discussed in sections 
2.4 and 2 .6 . The method of computation is necessari ly complex because of the requirement 
for detailed s t rap temperature distributions, the possibility of eccentric positioning of the 
rod relative to the guide tube, and the flow of a non-specified amount of heat into the ex­
ternal surface of the guide tube. 

Although effective friction factors can be estimated, p ressure loss predictions are con­
firmed by flow experiments using close simulations of the design configurations. Typical 
of the ejqjerimental data a re those reported for the XMA-IA control rod cooling passage."^ 
An effective friction factor 38 percent larger than that for a smooth tube was identified for 
the strapped portion of the rod. The definition of flow area and hydraulic diameter was 
rather complex; basically, it involved an averaging of flow areas and per imeters over the 
length. Hence, this increase of 38 percent is a measure of the increased p ressure loss 
associated with strapped rods relative to continuous one-piece rods, or more appropriately, 
it is indirectly a measure of the increased void required. Similar data are reported for the 
XNJ140E-1 control rod.'^^ Theequivalentfrictionfactor forthestrappedportionof th is rod 
was about 45 percent greater than that for smooth tubing. 

The tests of the HTRE No. 3 control rod also included calibration of four different flow 
res t r ic tor s izes (mounted on top of the control rod) and determination of friction factor in 
the open portion of the guide tube and in the smooth annulus forward of the strapped region. '^ 

3. 2. 6 Air-Cooled Aft Retainer Assembly 

A three-phase experimental program was established to determine heat transfer coef­
ficients within the flow passage of the XNJ140E-1 aft retainer assembly. Although condi­
tions within the flow passage consist essentially of flow normal to a bank of tubes for which 
heat transfer data are available, specialized data were considered necessary for the follow­
ing reasons: (1) the tubes a re very short (L/D < 1. 4), (2) the flow passage is nonsymmetrical 
and convergent as seen in Figure 3.12, and (3) data a re not readily available for the side 
plates which a re the cri t ical s t ructural members of the XNJ140E-1 design. 

Phase one of the experiment was designed to determine, exclusively, the heat transfer 
coefficient for individual tubes in the tube bank. This was accomplished by insulating s e ­
lected tubes from the plates , heating them electrically, and measuring the heat dissipated 
to the air s t ream. 

Phase two, using a different test model, was to determine the heat transfer coefficient 
for the exposed a reas of the side plates . 

Phase three was designed to heat both the tubes and plates so that upon calculating an 
over-al l heat balance, the resul ts of phases one and two could be verified. Upon obtaining 
this verification, the cooling air-flow distribution was to be computed from the heat t r a n s ­
fer coefficient data of phases one and two and local air temperature measurements of 
phase three. Because of contract termination, phase three tests were not made. 

Figure 3.12 shows the arrangement of tubes in the test model, the 29 tube locations and 
the 9 plate locations which were investigated, the number-let ter position coordinates, and 
the tube row designation to which reference will be made below. The tubes were 0. 87 inch 
in diameter, 1.1 inch in length, and were spaced on the apexes of equilateral triangles with 
a pitch of 1. 09 inch. A detailed description of the test procedure and test model, including 
drawings and photographs was published."^^ The resu l t s of the test data of all of the indi­
vidual test locations which were investigated a re reported. In all cases, for both tubes and 
plates, the data are represented by plotting Nusselt number versus Reynolds number, 
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defined by hD^Af and GgM^T/Mf respectively. In these definitions, h is the local heat trans­
fer coefficient, Drp is the outside diameter of the tube, kf is the air-film thermal con­
ductivity. G E M ^̂  *-̂ ^ maximum mass velocity established at the exit of the retainer assem­
bly, and juf is the air-film viscosity. 

Figure 3.13 presents a correlation of the test data for the tube bank wherein the Reynolds 
number is based on the local maximum mass velocity, GLM> within the tube row in which 
the particular tube being investigated is positioned. The local maximum velocity was com­
puted by multiplying.the exit mass velocity by the ratio of free-flow area of the exit tube 
row (row 19 in Figure 3.12) divided by the free-flow area of the tube row being investigated. 
This calculation assumes a uniform mass velocity within a tube row which is not rigorous 
because of the nonsymmetrical nature of the flow passage. The design equation, which was 
derived from the data, is 

5^=0.0.07 (5iM!>r;-'(f2ty/^ (6) 
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Fig. 3.13 —Correlation of heat transfer data for tubes of XNJ140E-1 aft 
retainer assembly 

It is significant that the above equation represents a minimum correlation of the data, 
and its use will result in conservative cooling requirements. Also shown in Figure 3.13 
is the correlation for the mean heat transfer coefficient for a tube bank where S X / D T ~ !• 25 
and S L / D X = 2. 0; Sx and S L being defined as the transverse and longitudinal tube spacing, 
respectively. 
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A preliminary analysis of the test data for the exposed surfaces of the side plates r e -
salted in the following design equation for predicting minimum plate heat transfer coefficients 

• ^ ) = 0 . 000392 ( ^ E M 5 T ) ^ - ^ ' ( £ ^ ) ^ ^ / ' (7) 

In order to compare the test results with existing literature data for turbulent flow 
parallel to a flat plate, the data were also correlated by plotting hx/kf versus G L M x/Mf» 
where x is the distance from the plate leading edge to the point under investigation. Figure 
3.14 presents the results of the correlation and the corresponding minimum design equation: 
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The solution of the integral energy equation for turbulent flow parallel to flat plates, 
assuming constant wall temperature , is given by 

The solution is also shown in Figure 3.14. Thus it is seen that the added turbulence, 
effected by the tube bank, increases the local plate heat transfer coefficient by appi oximately 
80 percent. In addition, there appears to be a strong entrance effect, particularly for high 
Reynolds numbers, which cannot be fully evaluated because the local mass velocity is not 
accurately known. It was planned, in pliase tiiree of the experimental program, to determine 
the mass velocity distribution and obtain a correlation which would more accurately r e p r e ­
sent local conditions. Phase three was not completed and the most useful resul ts of the 
experiment as conducted a re the design equations for predicting minimum heat transfer 
coefficients. 

3.3 SHIELD AEROTHERMODYNAMICS 

To maintain the integrity of a direct-a i r cycle reactor shield system, provision must be 
made for removal of the, secondary heat generated within the shield. Passages are provided 
in the shield for guiding the pr imary reactor coolant flow before it enters the active core 
and after it passes tlirough the active core. 

Frequently, the extent of the shield (size, shape, and material) is considered to be 
largely a nuclear design problem, the integrity to be a mechanical design problem, and 
the ducting and cooling to be an aerothermodynamic design problem. However, because 
each of these a reas is so closely related to the others , integration of all is necessary. It 
is the intent here to concentrate on those aspects affecting aerothermodynamic design. 

Factors that govern the aerothermal design include such items as: 

1. Maximum allowable size and weight of reactor and shield. 
2. Maximum allowable quantity of secondary coolant to be utilized for dissipation of 

heat generated within the shield. 
3. Maximum allowable p re s su re loss in the pr imary coolant while it passes through the 

shield and flows to and from the reactor fuel elements. 
4. Maximum allowable deviation from specified flow distribution to the reactor fuel e le ­

ments, to match inherent variations in core power; the basic requisite being to have 
the lowest possible perturbation in fuel element temperature above core average for 
a given core-exit coolant temperature. 

For convenience, the shield has been divided into three general a reas . These are the 
front shield, r ea r shield, and side shields. Sometimes the front and r ea r shields are r e ­
ferred to as the front and r e a r plugs. In most systems considered by GE-ANP, the reactor 
was a right cylinder contained within another hollow right cylinder called the pressure 
shell'I Generally, the front and r ea r shields also had a right cylinder shape and fitted with­
in the p ressu re shell. The p re s su re shell normally contained the whole assembly of front 
shield, reactor , and rea r shield. The side shield, which is of a hollow right cylindrical 
shape, fitted over the p re s su re shell . 

The earl ier HTRE shielding systems (see APEX-904, 905, and 906) consisted of a num­
ber of tanks containing alternate layers of water and lead. The heat generated within the 
water and lead was dissipated by an auxiliary pump system which circulated the water 
through the shield tanks and then through a water cooler. 
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Later systems such as the XMA-IA (see APEX-907) and the XNJ140E-1 (see APEX-908) 
had air-cooled shields. The front and r e a r shields were cooled by either the pr imary air 
s t ream or by air bled from the pr imary air s t ream. The side shield was air-cooled by an 
independent auxiliary flow circuit. 

3. 3.1 Side Shields 

In the thermodynamic design of side shield systems employing lithium hydride as the 
shielding material , pr ime emphasis was placed on efficient removal of internal heat 
with a minimum of coolant flow and p ressu re loss. 

Acceptable temperature gradients and differentials tliroughout the side shield system 
must be maintained. Since the LiH is supported by metallic s tructure, and contained within 
metallic cladding, the temperature patterns existing within the LiH at steady-state oper­
ation strongly manifest themselves on the metallic components which a re imbedded in, or 
in contact with the LiH. Since the heat energy must t ransverse thicknesses of LiH before 
being removed, an improper design resulting in a poor temperature distribution sets up 
thermal s t r e s ses which must be accommodated in the mechanical design. This was the 
major thermal res t ra in t in the design of the XNJ140E-1 side shield, a lightweight metallic 
s tructure which employed minimum cladding thicknesses, and was capable of operation at 
800° to 1000°F. 

System transient operational effects must also be considered in side shield design. 
Nuclear s t a r t s and sc rams can impose significant radial temperature differentials. At 
normal steady state operation heat generation ra tes at the inner radial regions a re often 
8 to 10 times higher tlian those at the outer radial regions. The steady state requirements, 
imposed by these conditions, must be met by designing for a much higher cooling capa­
bility at the inner radial region. This, coupled with the poor thermal conductivity of 
Lithium Hydride (2 to 4 BTU/hr-f t-°F) and the thermal inertia of the system, leads to a 
mismatch during the above mentioned transient operation. Thus, during a nuclear s tar t , 
the inner regions will lead the outer regions in temperature level with time and a tem­
perature difference builds up. A sc ram leads to a more rapid cooling of the inner radial 
regions, where the inherent cooling capacity is higher, and again a temperature difference 
builds up. Designing for high-temperature-level operation at steady state tends to aggra­
vate this situation even more. One approach to this part icular problem is to design for 
the steady-state high-temperature-level requirement using intermittent coolant flow to 
accommodate the cri t ical transient operation. 

The specifics of the various aspects of the system design will be discussed separately 
in the following paragraphs. 

3. 3 .1 .1 Side Shield Coolant Flow Passages - As previously mentioned, the HTRE se r ies 
of power plants had independent water-cooling circuits for the side shields. The XMA-IA 
and XNJ140E-1 side systems, however, were to be air-cooled and the flow was to be p r o ­
vided by r am-a i r p r e s su re during flight, and blowers during ground test operations. In 
each of the latter two systems, the objective was to minimize the amount of coolant flow 
and associated p ressu re loss without exceeding maximum prescr ibed temperature levels 
and temperature differentials. The basic difference in the cooling-flow designs of these 
two systems was that the XMA-IA used concentric-annulus flow passages while the 
XNJ140E-1 used tubes. 

No flow tests were conducted on the XNJ140E-1 system pr ior to the time of contract 
termination. However, a test se r ies was planned for evaluation of flow distribution through 
the a r ray of cooling tubes in the XMA-IA design. The following is a summary of the more 
significant flow tes ts completed for the XMA-IA design. 

Results of tes ts to determine circumferential flow distribution of the XMA-IA external 
side-shield entrance and exit plenums were published. "̂ ^ cooling air to the XMA-1 side 
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shield was delivered by eight circular ducts. The coolant-flow spaces in the shield con­
sisted of small annular shaped passages . The transition from the eight discrete circular 
ducts to the annular passages had to be accomplished in a manner to assure reasonably 
uniform circumferential flow distribution in the annular passages. A plenum was provided 
as a means of making the transition, and a se r ies of tests of a 180-degree, 1/4-scale model 
of the top half of the shield were conducted to evaluate the plenum size requirements. 

Two different size plenums were tested which could be distinguished from each other 
by considering the radial distance from the outer edge of the trunnion ring to the outer 
surface of the plenum. For the first plenum investigated, this distance was 7 inches (full 
scale) and for the second, it was 10 inches (full scale). Initial tes ts with the smaller of 
the two plenums resulted in excessive flow distortions opposite the piping inlets. Tests 
with the larger plenum did not have as much distortion. Subsequent testing was with the 
larger plenum and a range of simulated annular passage flow res is tances . The larger en­
trance plenum, tested separately, incurred a flow perturbation of + 4. 5 percent to -4. 8 
percent. The larger exit plenum, tested separately, incurred a perturbation of + 7. 4 percent 
to -10 percent . If these effects were to be additive the total distortion would be a variation 
of the average weight flow from + 11. 9 percent to -14. 8 percent. 

An ejqjerimental evaluation of the p re s su re - lo s s , flow-distribution character is t ics in 
the XMA-IA side-shield assembly was made.'^'^ Because of the uncertainties involved in 
predicting flow distributions and p r e s su re losses in this system, cold flow tests were con­
ducted on a 21. 6 inch flattened sector of the borated steel portion of the side-shield a s s e m ­
bly. The purpose of the testing was twofold: 

1. To determine the over-al l p r e s su re drop character is t ics of the model. 
2. To determine the radial flow distribution among the several parallel cooling channels 

of the model. 

A schematic diagram of the side-shield flow model is shown in Figure 3.15. Figure 3.16 
shows a plot of the over-al l p res su re loss parameter as a function of weight flow tlirough the 
model. 

For any given value of p re s su re loss parameter , the experimental weight flow is approxi­
mately 15 percent greater than the predicted value. A flow of 1. 7 pounds per second through 
the model is representative of the flow that could be e3q)ected in a similar flow sector of the 
shield system when the total flow for the entire shield system was approximately 45 pounds 
per second. 

The radial flow distribution in the several paral le l cooling channels of the model is shown 
in a plot of individual channel flow rate (Wc) versus total flow ra te (Wt) in Figure 3.17. 
Table I gives a comparison of predicted and actual values for the flow distribution along with 
percent deviation in the two values. 

The disagreement in the predicted and experimental values for Channel 3 and Channel 4 
deserves some consideration. Measurements of channel dimensions were taken to com­
pare the actual flow area of each channel with the design flow area. The measurements 
taken showed the height of Channel 4 to be 3. 2 percent larger than the design value. In 
addition, Channel 3 was also slightly larger (1. 5 percent) than the design specifications. 

All other channels showed only slight differences in actual and design values. One possible 
reason for the differences existing in these part icular channels was the difficulty in main­
taining close tolerances on the s t ru ts which control the height of these channels. 

The difference in actual and design dimensions of Channels 3 and 4 does not fully account 
for the difference in predicted and experimental values of the flow distribution. However, 
in the case of Channel 4, it does tend to compensate in the proper direction. 
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TABLE I 

ANALYTICAL PREDICTIONS^ 

Total Flow (Wc) % 
Channel 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

(Actual 

31.5 
68.5 
30 
32.3 
41 
20.6 
19 
41 
30 
70 

Deviation, 10 -
(Actual - Predicted) x 100 

Actual 

32.5 
27.6 
40 
20 
20 
40 

-7 
+17 
+2.5 
+3.0 
-5 .0 
+2.5 

^Analytical predictions of flow distribution were based on the design 
dimensions shown in Figure 3.15. , 
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The above emphasizes the importance of holding close tolerances on the channel dimension 
of the prototype assembly. It was estimated that a change of 0. 003 inch in the height of some 
channels would cause a 1 percent change in the flow through that channel. 

3. 3 . 1 . 2 Methods for Estimating Side Shield Cooling Requirements - No significant system 
heat transfer tests were conducted on either the XMA-IA or the XNJ140E-1 shields. At 
the time of contract termination, however, there was a test ser ies planned in which a 
typical shield sector of the XNJ140E-1 design was to be tested in a nuclear environment. 
Tests were made to evaluate the thermal conductivity of the lithium hydride shield ma­
ter ial under various circumstances. 

Heat t ransfer analyses of the XNJ140E-1 system were accomplished utilizing the "THT" 
and "Fantan" computer programs discussed in sections 1. 4 and 1.6 respectively. 

Heat transfer analyses of the XMA-IA shield system was accomplished through the 
utilization of a special computer program.'^8, 79 This program gives the steady-state 
radial and longitudinal temperature variations and the radial heat fluxes in a system of 
nuclearly-heated, concentric, cylindrical shields using one-dimensional radial conductors. 
Axial discontinuities in the flow channels, varying the number of shields, and changes in 
shield thicknesses necessitate separate computer runs; any other variations in physical 
geometry are handled in consecutive stations with altered input. 

A simplified method was used for the determination of the internal temperature d is­
tribution in solid r ings for any shield geometry and for any heat-generation rate at the 
inner surface of the shielding.^^ In this method, the radial distribution of nuclear heating 
ra te is approximated by an exponential expression which decays with increasing radius. 
Axial heat conduction was not considered. 

3. 3. 2 End Shields 

As previously discussed, the two major areas of aerothermodynamic concern a re the 
passage of primary-coolant flow through the shield to the reactor and the removal of the 
nuclearly-generated heat in the shield. These are discussed in the following sections. 

3. 3. 2 .1 End Shield Pr imary Flow Passages - The objective of the pr imary flow passage 
of the front shield was to collect the flow forward of the front shield, duct it through or 
around the shield and suitably distribute it among the heated passages in the core. 

Two basic passage configurations were utilized in GE-ANP systems. One was an annulus 
duct shape which was located near the outer per imeter of the front shield and the other 
was a "porous-plug" design. The porous-plug configuration provided many independent flow 
passages through the shield. Several variations of a porous-plug configuration were 
considered. 

The rea r - sh ie ld pr imary flow passages also have been of the annular duct and porous-
plug type of design. Their function is to collect the flow as it leaves the reactor , duct it 
through or around the r ea r shield, and finally deliver it to the turbine. In both annular 
ducts or porous-plug ducts, diffusers must be employed to slow down the flow before it 
enters the core. 

The resul ts of an analytical and e^qjerimental study of two dimensional diffusers were 
published.SI The analytical resul ts a re based on estimated diffuser-transition losses and 
are presented in t e rms of thrust-to-weight ratio for a range of diffuser length and area 
ra t ios . Diffuser efficiency and total head losses determined experimentally for several 
configurations and modifications are presented and related to velocity-head distribution in 
the diffuser. 

One of the ear l ier experimental appraisals of annular duct flow character is t ics analyzed 
the resul ts of a 1/4-scale model test of the Core Test Facility No. 1 (CTF No. 1) ducting 
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and core in several different configurations to determine pressure drop and flow distr ibu­
tion characteris t ics .82 The test covered evaluation of exit-torus performance, both with 
and without turning elbows, for various arrangements of elbows and with round or square 
exit ducts from the torus, and for both one- and two-engine air flow conditions. A sketch 
of the system tested is presented in 3. 4. 2. 2. 

The resul ts of the tests showed no indication of p ressure loss or flow distribution which 
would have detrimental effects on the operation of the CTF in HTRE No. 1 system. 

The resul ts of flow tests on an offset-reactor design configuration which comprised a 
flow geometry necessitating an annular-compressor discharge air flow passage between 
the shield and the reflector were published.83, 84 A schematic of the test r ig is shown in 
Figure 3.18. The air flow had to be turned toward the reactor centerline and directed to­
ward the core face. Aerodynamically-controlled turning of this airflow through 180 de­
grees , and near-uniform radial and circumferential flow distribution were the objectives. 
In order to facilitate power plant design, by eliminating a radial bulge in the turning 
region, cylindrical p res su re shells were maintained at the inner and outer diameter of 
this annular passage. 

Three configurations were tested. The first configuration had three annular turning 
vanes and an annular ring. The second had only one vane (adjacent to the annular ring) 
and the annular ring; the third had no vanes. In each of these configurations, the axial 
spacing of the header contour with respect to the plane of the simulated core inlet was 
not changed. Therefore, in each case the header volume increased from configuration 
one tlirough three, by the volume formerly occupied by the vanes. 

The conclusions reached as a resul t of this testing were: 

1. It is feasible to use an annular-vaned turning region to direct the airflow from an 
annular passage between the reflector and shield into the reactor core face. It is also 
possible to use a turning passage without vanes with some sacrifice in reactor flow 
distribution. 

2. The total p res su re loss from the annulus to a station inside the tube bundle for the 
three-vaned configuration was found to be on the order of 1 percent of the inlet 
p ressure , one annulus dynamic p ressure , or 0. 8 of tube bundle dynamic p re s su re . 
For the configuration using the one vane, the total pressiu:e drop was found to be on 
the order of 0. 9 percent of the inlet p ressure , 0. 8 of annulus dynamic p ressure , or 
0. 7 of tube bundle dynamic p re s su re . In the configuration with no vanes the values 
were 0. 7, 0. 8, and 0. 7 respectively. 

3. The flow distribution through the simulated reactor core was within a range of 2 p e r ­
cent for the first configuration, 2. 5 percent for second, and 3 percent for the third. 

The resu l t s of an experimental investigation using air at ambient temperatvire to de ter ­
mine the aerodynamic character is t ics of an approximate 1/4-scale model of the HTRE No. 
3 reactor shield assembly were published.85 A schematic of the test configuration is shown 
in Figure 3.19. 

A combination of front-plug and rear -p lug geometries were developed that produced a 
reactor flow distribution within ±2. 5 percent of being constant in a radial direction. No 
circumferential variations in reactor flow a re noted which could be attributed to the front-
plug inlet scrol l with either one- or two-engine operation. 

The resul ts of a se r ies of experimental flow tests of a model of the XNJ140E-1 configuration 
a re shown in Figure 3. 20. The objectives of this test se r ies were to establish the basic ge­
ometry of header and collector shapes necessary to obtain an acceptable uniform flow dis t r i ­
bution within the simulated reactor in both radial and circumferential directions, while s u s ­
taining the minimum loss in total pressure .86 
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The conclusions from this test were: 

1. The resu l t s of these tes ts indicated that for each header design there is a particular 
collector shape which resu l t s in uniform flow distribution for the tube bundle. Such 
combinations a re : 

A3/A1 L/AR 

.96 . 4 
1.21 . 5 
1.51 . 6 

The a rea ratio (A3/A1) is defined as the ratio of the inlet header a rea to the referenced 
annulus a rea at the model entrance. The spacing (L/AR) is defined as the mean axial 
spacing of the r ea r collector from the exit plane of the tube bundle divided by the differ­
ence between the outer and inner radii of the tube bundle. 

2. The total p res su re loss from station one (the inlet station of the test model) to station 
four (the station forward of the two re s t r i c to r s in the tube bundle) is a function of the 
inlet header geometry. The prescr ibed design total p res su re ratio was achieved for 
an A3/A1 of 1. 21. A slight improvement in performance is obtained for the largest 
value of A3/A1, while lower values of A3/A1 cause significant reductions in the r e ­
sultant total p res su re recovery. Station designations of the test model are identified 
by Figure 3. 20. 

3. The annular front duct basic p ressure loss due to friction, diffusion, and turning, from 
station one to station three (the header inlet) is quite small since P t 3 / P t l ^^ approxi­
mately 0, 985 at the design Mach number. A non-clean configuration, with i r regular i t ies 
such as s t ruts and guide tubes, will cause this p re s su re ratio (Pt3/Pt l ) to be on the 
order of 0. 975. 

4. The entry loss from the header to station four is significantly higher because the flow 
is approaching the tube bundle at an angle. For the design configuration, the p re s su re 
rat io (Pt4/Pt3) i^ equal to 0. 975. By comparison, a zero angle of approach has r e ­
sulted in an equivalent value for Pt4/Pt3 of 0* 99 5o 

5. The flow distribution for the tube bundle is not a function of the Mach number at s t a ­
tion one. The flow distribution for each hexagonal row remains essentially constant 
regard less of the inlet Mach number for any given configuration. 

6. The p re s su re taps on the r ea r face of the tube bundle did not act as static p r e s su re 
taps. Because of the ejector action, these ten taps read significantly lower p r e s su re 
than the actual static p re s su re . Computations involving the tube bundle exit-plane 
reference area , weight flow, total temperature, and use of a static p res su re con­
sisting of an arithmetic average of the ten p r e s su re s , resulted in computed values 
for flow function, Mach number and total p r e s su re . This computed value of total 
p re s su re was significantly lower than that at station six; hence, the p re s su re s ob­
tained experimentally must be lower than the static p res su res existent at this station 
and the data serves only as an indication of the base drag of the tube bundle. 

7. Simulated flow extraction from the front-duct outer annulus in amounts from zero 
to twenty percent of the system flow had negligible effects on flow distribution. 
Similar resul ts were obtained for flow injection into the inner annulus of the r ea r 
collector using zero to six percent injection r a t e s . 

8. Test configuration runs with the simulation of a compressor discharge swirl-angle 
of 30 degrees and 10 degrees were run. A swirl-angle of 30 degrees provided an 
unacceptable flow distribution while a 10 degree swirl-angle caused hardly any s ig ­
nificant changes in flow distribution. 

An ejqjerimental study of airflow through a duct containing staggered rows of s t r e a m ­
line s t ruts was conducted.^'' (This study is discussed in section 5.2.) 
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A comparison was made of the experimentally determined airflow character is t ics 
through porous plugs whose air channels a re composed of either serpentine ducts or b i ­
convex struts .88 The conclusions from this comparison were: 

1. The serpentine duct, through all ranges of void volume fraction considered, has a 
lower over-a l l p res su re loss ratio than does the biconvex strut duct. 

2. The flow distribution of the biconvex s trut exit is better than that of the serpentine 
duct. Louvers a re mandatory if the serpentine duct s t ream is to be made uniform 
across the diffuser mouth. By using louvers to direct the air s tream, there will be 
additional losses in total p res su re . 

3. The serpentine duct has less tendency to choke. For void volume fractions below 
0. 375 the biconvex strut ducts showed a tendency to choke at design point flow. There 
is a decided penalty paid by the flow through the biconvex struts due to contraction 
and expansion losses . This condition could be at least partially alleviated if the b i ­
convex s t ruts were designed so that a constant flow cross section was maintained 
throughout the strut ar ray . 

An experimental study was made to determine the pressure drop across a 1/4-scale 
model of the front serpentine porous plug of the XMA-1 power plant.89 These resul ts 
were achieved in the first phase of a program designed to determine the aerodynamic 
character is t ics of the XMA-1 power plant from compressor-exi t to turbine-inlet. Figure 
3. 21 shows a c ross section of the configuration tested. As a result of this testing, it was 
concluded that: 

1. The p re s su re loss for the proposed front plug was well within the design objective 
(a test p re s su re ratio of 0. 981 versus the design objective value of 0. 975). Little 
additional improvement could be ejqiected; i. e . , the internal loss is not much larger 
than smooth-p^)e loss, and possible diffuser improvement would not decrease over­
all loss by more than about 10 percent. 

2. The relatively large variations in diffuser t ransverse-exi t velocity profile may pose 
a ser ious tube-bundle flow-distribution problem. 

The resu l t s of additional experimental investigations made to determine the aerodynamic 
character is t ics of a serpentine duct and of a diffuser at the exit of the duct were published.90 
Figure 3. 22 is a sketch of the duct tested. As the wave lengths of the wiggles in the passages 
were not constant with passage length, air was introduced at one end and then at the other 
end by revers ing the duct in the test r ig to determine the effect of flow direction in the duct. 

Results of the testing showed that in general the s ta t ic-pressure readings taken at the top 

and bottom walls of a part icular station in the duct did not agree. These differences were 

caused by the centrifugal effects of the air flowing through the wiggly duct. Figure 3. 23 i l lus­

t ra tes these differences by showing the variation ofj—E 1_](100) with distance where pp is the 

plenum p res su re and ps is the static p ressure measured at either the top wall or the bottom 
wall. Total p re s su re t r averses were taken at the various stations along the duct and these 
readings were used to plot total p res su re profiles, which a re shown in Figures 3. 24 and 
3.25. The side-wall values came from wall s ta t ic -pressure readings at those stations. In 
interpreting the above figures, the serpentine passage was called a front duct when air was 
emitted from the compact wiggle end, and visa versa . 

In addition to the above p ressure surveys, data was obtained on effective friction factor and 
total p r e s su re loss coefficient.^O 

The resul t s of a se r ies of cold-flow tes ts of a single-passage serpentine duct made to de­
termine the effects of wall fabrication i r regular i t ies on pressure loss were reported.91 
Six distinct tes ts were made with walls having roughness of varying degree and type in 
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Fig. 3.23 —Variation of wall pressure within serpentine duct 

order to determine the relative effect of roughness on the friction factor. These results 
indicated the friction factor may increase depending on surface condition, from 10 percent 
to 110 percent (constant hydraulic diameter) over that of a passage having smooth walls. 
However, it is expected that the increase in friction factor, over the smooth-wall passage, 
will be 10 to 30 percent for the actual component. 

An experimental study was made to determine the pressure drop and flow distribution 
in a portion (from compressor discharge annuli through the reactor) of a 1/4-scale model 
of the XMA-1 power plant.^^ A sketch of the model tested is shown in Figure 3. 26. The 
results of the testing showed that the distribution of total pressure at station 11 was uni­
form both radially and circumferentially in either annular gap. Variation in total pressure 
at station 11 between the left and right annuli amounted to only 3 percent of the average 
dynamic pressure. In addition, the experimental results indicated that the loss in total 
pressure from stations 11 to 31 was about 0. 5 the dynamic pressure at station 11. The 
loss in total pressure from stations 31 to 51 was about 0. 9 the dynamic pressure at 
station 31. 

To investigate the possibilities of improving the velocity profile at the diffuser exit 
of a prototype front serpentine porous plug for the XMA-1 power plant, a series of tests 
were performed.93 in the preliminary study of a porous serpentine plug for the XMA-IA 
power plant,90 there was a nonuniform velocity profile at the diffuser exit of a single-
passsge full-scale model used in that investigation. As it is possible that the adverse 
velocity profile could have a detrimental effect on the flow distribution in the reactor 
core, as well as on the pressure loss, this test series was made in an attempt to im­
prove the performance of the diffuser. 

jwMfninrlfTmL 



•••• Cra 

TOP OF DUCT 

0.75 

0.50 

0.25 

0.5 1.0 

BOTTOM OF 
DUCT 

0.5 1.0 0 0.5 1.0 0 0.5 1.0 0. 0.5 0 0.5 0 0.5 0 0.5 

GAGE TOTAL PRESSURE AT EACH POINT, psig 

Fig. 3 .24-Front serpentine duct —gage total pressure profiles 

05 
cn 

amtKWi itiTiw.,.«iiiiinn>lri-riWlll 



B R l * * * S » I « » o « * * 

• * 
• ••• 

TOP OF DUCT 

o.iscy 
S 

0.50 

0.25 

BOTTOM OF 
DUCT 

1.0 0 0 5 1.0 0 0.5 1.0 0 0.5 0 

GAGE TOTAL PRESSURE AT EACH POINT, psig 

Fig. 3.25-Rear serpentine duct-gage total pressure profiles 



PITOT-STATIC PROBE 
(4 PER ANNULUS) 

-LECTOR 

FRONT PLUG (25 PASSAGES) 

SPACER 

TUBE BUNDLE (246 TUBES OPEN, 
CENTER TUBE PLUGGED) 
EACH TUBE IS EQUIPPED WITH STATIC-
PRESSURE TAPS AT STATIONS 54 AND 55 

NOZZLES (PROVIDE PRESSURE 
DROP TO SIMULATE FUEL CARTRIDGE 
AND TO METER FLOW IN EACH TUBE) 

RESTRICTION (ACCELERATES 
.FLOW TO SIMULATE HEATING 
EFFECT) 

ENTRANCE PLENUMS 

PLENUM 

• • •• 

STATION NUMBER 11 16 19 

F i g . 3 .26 —Sketch of front end of X.MA-1 power p lan t — q u a r t e r - s c a l e model 

05 

r»,e;<miU§ftev. iS8Wi«<3«'»®««ii»S»ai«H^« 



68 -CMf+efimtt— 

The resul t s of this test were: 

1. A friction factor of the order of 0. 005 could be expected at the design condition; 
there was a definite Mach number effect on the value of friction factor. 

2. No solution was found to correct the nonuniform velocity profile at the diffuser exit 
without increasing the total p re s su re loss or channeling the flow in a direction other 
than parallel to the reactor core centerline. Diffuser angles between 0 degree and 
20 degrees were tested. Several were inclined at angles of 5 degrees, 10 degrees, 
and 15 degrees. Other geometries using such schemes as splinters or combinations 
of straight sections preceding the diffuser were investigated. 

Results of flow tests on a 1/4-scale XMA-1 model to determine effect of orientation of 
front and r e a r plugs with respect to p ressu re losses and core weight flow were published.^'^ 
The conclusions were that the orientation (horizontal versus vert ical wavy walls) of the front 
and r ea r plugs has little or no effect on p ressu re losses , and that the addition of swirl in 
the compressor discharge annulus also did not affect p ressure losses . 

The resul ts of experimental tests conducted to determine the component and over-al l 
p res su re losses associated with the 1/4-scale XMA-IA pr imary airflow model were r e -
ported.^5 In addition to p ressu re losses , core mass-velocity ratio distribution effects were 
determined with a basic dual-engine system, a single-engine system, and a simulated failure 
of the front shield bypass valve. 

The percentage of total p re s su re loss from compressor discharge annulus to core simu­
lator inlet was found to be 7. 7 percent, which is within the design objective of 9. 7 percent. 
This loss is lower than expected because the performance of the compressor exhaust col­
lector was better than anticipated. The experimental r ea r -end ducting losses from r e a r -
plug inlet to the turbine inlet annulus is 7. 5 percent. The design objective is 7. 7 percent. 
The over-al l result is in good agreement but the individual component losses differed some­
what from the desired objective. 

An additional experimental determination of the aerodynamic character is t ics of two p r o ­
posed front-shield plugs for the XMA-IA system was reported.^^ This study presents the 
resul ts of cold-airflow test on a single passage of two configurations of the XMA-IA front-
shield plug. The difference in the model configurations is in the type of diffuser at the d i s ­
charge end; one was a "s t ru t" type as shown in Figure 3. 27 and the other was a "wide-angle" 
diffuser and is shown in Figure 3. 28. 

The conclusions reached from the experimentation were: 

1. The over-al l p r e s su re drop for the wide-angle diffuser front-shield plug was less than 
that for the strut diffuser configuration. 

2. Asymmetric flow existed in the strut diffuser and appears to be chaotically turbu­
lent and pulsating. 

3. There was more airflow in the top passage of the strut diffuser than in the bottom 
passage. 

4. The boundary layer separated from the divergent walls of the strut diffuser and the flow 
surfaces of the strut . 

5. In the strut-diffuser configuration, a large amount of reverse flow occurred near the 
parallel side walls in the top passage of the diffuser. 

6. The wide-angle diffuser configuration gives better performance aerodynamically and 
is easier to fabricate. 

An experimental investigation of the aerodynamic performance of a wavy duct was r e ­
ported. "̂̂  The wavy duct tested consisted of a rectangular cross-sect ional passage with an 
aspect rat io of 20. 5:1 and having five successively reversed 60 degree bends. Results 
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Fig. 3 . 2 7 - F u l l scale front plug with " s t ru t " diffuser, 

XMA-IA power plant 

cover a 0. 9 x 10^ to 3. 4 x 10^ Reynolds number range and a 0 to 0. 48 Mach number range. 
For this part icular configuration, the effective friction factor was about 1. 7 times that for 
turbulent flow in a smooth tube. 

The resu l t s of testing a single-passage model of a rod and tube sheet design of the front 
shield in order to determine over-al l p res su re loss and discharge flow distribution were 
published.9^ The total p ressure loss character is t ics for this particular configuration, a 
schematic of which is shown in Figure 3. 29, were found to be less than those incurred by 
the previously tested 1/4-scale serpentine passage, with no apparent Mach number effects 
over the range of Reynolds numbers tested. The flow distribution at the passage exit was 
fairly uniform, the maximum variation in total p ressure being approximately 0. 5 percent. 

The loss character is t ics for a helical passage consisting of approximately 1-1/3 turns 
of 2. 68-inch diameter pipe on a 6-inch mandrel were ejiperimentally determined.^' ' The 
resul ts cover a range of Reynolds numbers from 10^ to 7. 5 x 10^ and Mach numbers up to 
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Fig. 3.28 —Full scale front plug "wide angle" diffuser, XMA-IA power plant 

choke. Friction factors remained within the limits of 0. 006 to 0. 008 for all test conditions 
and are more dependent on Mach number than Reynolds number. 

3. 3.2. 2 End Shield Cooling Technology - As previously mentioned, the HTRE series of 
power plants had an independent auxiliary cooling system for the shields, and there were 
no gross-shield cooling requirements for the primary system. The XMA-IA and XNJ140E-1 
systems, however, were air-cooled by the system air flow. The method of cooling the end 
shields differed in these systems: the XMA-IA utilized porous-plug design and the XNJ140E-1 
an annular-duct design. 

In the XMA-IA, the primary airflow passed through the end shields in many parallel flow 
passages and in this process provided the cooling to the shielding material. No cooling 
tests were conducted of this configuration and heat transfer analyses were made using the 
"THT" computer program discussed in section 1.4. 

In the XNJ140E-1 design, the primary air flowed around the outer circumference of the 
bulk of the end shields in an annular duct; cooling of the end shields was accomplished by 
bleeding small quantities of flow from the primary stream. These small quantities flowed 
through slots in the end shields and later were discharged back into the primary stream. 
Several cold-flow tests were made to evaluate the amounts and distribution of the bleed 
flow. No heat transfer tests were made and heat transfer analyses were performed through 
utilization of the "THT" and "Fantan" computer programs discussed in sections 1. 4 and 
1.6 respectively. 

The following paragraphs summarize the more significant work accomplished: 

Results of tests performed on a 1. 5-scale quarter-sector model of a typical radial-
cooling slot in the XNJ140E-1 front plug were published.lOO The rig was built and tested 
at the Aeronautics Laboratory of the United States Naval Post-Graduate School. The ob­
ject of these tests was to determine pressure drop and related characteristics for this 
slot, especially characteristics associated with obstructions provided by control rod hous­
ings and tie-rod housings-spacer plugs. The proper shape of the slot exit, designed to 
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TRAVERSING PITOT PROBE* 

STATION NO. 1, 7-3 STATIC TAPS 
EACH POSITION 120° SPACING 

STAT 

STATION NO. 1 
TUBE SHEET 

ROD SUPPORT STRUT 

N . \ ^ 
?^" 

Fig. 3.29 —Rod and tube sheet model schematic 

simulate dumping into a narrow collector annulus, was also investigated. The tests were 
run at two principal operating conditions. The first of these gave the full-scale design exit 
Mach number, M E = 0.12, but lower-than-design Reynolds number, while the second gave 
full-scale design Reynolds number at greater-than-design Mach number. 

The principal results of these tests were as follows: 

1. The friction-pressure drop through the unobstructed slot is significantly less than 
that computed from one-dimensional friction-drop concepts. This would indicate that 
there may be a fundamental difference in the type of radial flow involved. 

2. A Reynolds number effect greater than indicated from one-dimensional concepts was 
observed, causing a reduction in pressure drop with increased Reynolds number be­
tween the two operating conditions listed above. 

3. The control rod housings and spacer blocks caused pressure drop to increase ap­
proximately 30 percent when the slot gap width was held constant. This increase was 
caused in the main by the large blockage of the control rod housings. 

4. This increased loss due to obstructions was almost completely eliminated by enlarg­
ing the flow passage to produce constant flow area around the control rod housings. 

5. With the above area enlargement, the wake behind the inner ring of spacers was the 
principal residual effect of the obstructions. 

6. Streamlining the obstructions had no noticeable effect except to reduce the "width of 
the wake from the inner row of spacers. 

7. The best slot-exit baffle configuration consisted of rounding off the inner edge of the 
exit turn to 1/8-inch radius; i. e. , a radius equal to one slot width, and using it as 
an unfilleted baffle equal in length, or overhang, to twice the slot width (the slot width 
in the model was approximately 1/8 inch). 

8. Longer baffles and/or the use of fillets or other inner radii in the turn tended to in­
crease the pressure drop. 

9. At the highest Reynolds number practicable for these tests (the second operating 
condition listed above), the complete pressure drop for a feasible full-scale con-
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figuration including obstructions, measured from the upstream plenum to the total 
p ressure at the baffled exit, was approximately 70 percent of exit dynamic p ressu re . 
This is less than the pure friction effect computed by one dimensional concepts for 
the unobstructed slot with unbaffled exit. 

It should be noted that these tes ts occurred in the neighborhood of a critical Reynolds 
number range for the clear slot. At the lower of the two operating conditions listed above, 
there were high-energy s t r eams down the extreme edges of the 90 degree sector with no 
obstructions in the slot. This streaming did not occur when there were obstructions in 
the slot nor in the clear slot at higher Reynolds number. The streaming effect has not been 
satisfactorily explained but does not seem to be involved in the conclusions reached above. 

In order to evaluate heat t ransfer performance in shields with a greater accuracy, 
additional information was needed on the effective thermal conductivity of "canned" 
lithium hydride used as the shielding mater ial . As a consequence, a se r ies of tests 
were performed to determine the conductivity of several different canned geometries 
a s a function of operating temperatures.l^^"^^"* 

3.4 REACTOR COOLANT FLOW DISTRIBUTION 

3. 4 .1 Analytical Techniques 

Component flow distributions for systems of combined parallel and ser ies flow circuits 
may be calculated from analysis of flow passage loss character is t ics ; i. e . , bend losses, 
effect of contractions and expansions, direct friction, etc. These loss characteris t ics can 
be used with a computer program such as the Compressible Flow Network Program to 
evaluate the whole situation, resulting in flow distribution and p ressu re drop predictions. 
(For a description of the Compressible Flow Network Program, see section 1.7.) Typical 
component loss character is t ics were published.^"^'^"^ 

Potential flow analysis appears well-suited for calculating the flow distribution assoc i ­
ated with multi-channel flow into or out of a header; i. e . , the effects on reactor core d i s ­
tribution as affected by inlet and discharge headers. A potential flow-analysis procedure 
and its associated computer program was published.107 

A variation of this header distribution problem is encountered in a folded-flow system, 
in which flow enters a header, is turned approximately 90 degrees in the header before 
entering a high resis tance bed, and then is turned another 90 degrees into a discharge 
header. A method of analysis applicable to the discharge header of this situation is given 
in the 90° Isothermal Folded Flow program discussion (see section 1.5). 

3, 4. 2 Scale Model Tests of Flow Distribution 

3. 4. 2.1 Fluid-Flow Investigations for the R-1 Reactor System - Aerodynamic character­
ist ics of the R-1 reactor-shie ld pr imary flow path were investigated to determine if the 
main line of design was adequate from the flow distribution standpoint, and to determine 
suitable alternate arrangements necessary to correct components which were deficient. It 
was decided through consultation with fluid-flow authorities that simulation of Mach num­
ber would be the most important cri terion in an experimental investigation, and that 
Reynolds number would be of lesser importance as long as the model values were main­
tained in the 3 x 10^ or greater range. The Reynolds number of the prototype-duct flow 
passages would be considerably higher, but the effects of Reynolds number above 3 x 10^ 
for this parameter were believed small . It was further decided that the flow investigation 
would be carr ied out on a 1/4-scale model in isothermal flow, and that the testing would 
be performed at the Langley Aeronautical Laboratory of the NACA. 
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The complete flow model is illustrated in Figure 3. 30. This model was constructed of 
wood and metal and tested at interval pressures up to 15 psig. Design alternatives of the 
reactor inlet header plate, exit-turning guide vanes, rear strut, and control rod housings 
were tested as part of seven different system configurations. The results of these tests 
were publishedlO^ and are summarized as follows: 

1. The inlet annulus, the inlet collector-ring, the rear strut and the original design of 
the exit header section, all increased the mass-flow deviations from uniformity In 
the simulated reactor. 

2. The guide vanes at the exit of the reactor were the most convenient means of reduc­
ing mass-flow deviations in the simulated reactor; by this means, the deviations in 
all except annulus 1 were reduced to within ±5 percent of the mean, an improvement 
of 38 percent relative to the complete model deviations before vane alterations. 

3. Changes to the contour of the inlet header plate had little effect on the mass-flow 
deviations in the simulated reactor. 
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Fig. 3.30 —Diagram of the complete duct system — Test configuration 4 
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4o The mass-flow deviations in the reactor passages increased for the asymmetr ical 
conditions as the number of closed compressor discharge and turbine-inlet pipes 
increased; with three of the four pipes closed, the velocity of airflow was essen­
tially zero in some annuli near the center of the reac tor . 

5. Mass-flow deviations in the simulated reactor for all configurations tested became 
smaller with increasing Mach number and Reynolds number. 

6. Although the inlet col lector-r ing established a whirl motion and considerable c i r ­
cumferential asymmetry in the flow, the velocity profiles in the inlet-annulus exit 
station (station 2e) were improved, the loss of the inlet annulus and diffuser (stations 
2i to 2e) was reduced by 6. 5 percent, and the loss of the inlet header section (stations 
2e to 3) was increased. The net resul t was an increase in loss between stations 2i 
and 3 of 8. 5 percent relative to the loss with ideal flow at the inlet annulus inlet 
station. 

7. The expansion angle of the diffuser in the inlet-header-plate region was judged to be 
too high to permit satisfactory performance at full-scale Reynolds numbers. A r e ­
designed header-plate provided an expansion angle of 12 degrees, which improved 
the velocity profile in the inlet-annulus exit station (station 2e), reduced the com­
bined loss of the inlet annulus and diffuser (stations 2i to 2e) by 30 percent, and 
increased the header section loss (stations 2e to 3). The net result was a decrease 
in loss of 10 percent between stations 2i and 3. 

8. Flow in each of the nine annuli of the simulated reactor 2-1/2 inches downstream 
from their entrance was stable with relatively high velocities near both the inner 
and outer walls of each passage. 

9. Wakes from the r e a r strut and control rods were present in the exit annulus and p r e ­
vented the attainment of reliable measurements at station 6. 

10. The losses in the exit collector-r ing were appreciably larger than losses in the inlet 
collector-ring. The exit collector-ring was responsible for considerable flow asym­
metry in the exit annulus, part icularly in a circumferential direction, and probably 
responsible for somewhat higher losses in all duct elements affected. 

11. The measured loss coefficient for the entire model of the configuration giving accept­
able mass-flow distributions in the reactor (header-plate 2, guide-vane configuration 
2, and r e a r - s t r u t 2) was 6. 66, which was 2. 4 percent less than observed with the 
original configuration (header-plate 1, guide-vane configuration 1, and r e a r - s t r u t 1). 
The measured variation with increasing Mach and Reynolds number was attributed 
almost entirely to the orifice-plate character is t ics . 

12. The sampling technique used in the airflow tracing investigation proved satisfactory 
for this type of investigation. 

13. The data indicated that paths of specific segments of airflow could be t raced from the 
simulated reactor to a specific turbine-inlet pipe, and that, within the limits of the 
tes ts , the paths were not significantly affected by Mach number or by the concentra­
tion of Freon-12 vapor introduced. 

3. 4. 2. 2 Core Test Facility Investigation - The Core Test Facility for test of the HTRE 
No. 1 reactor , as described in 2.1 of APEX-903, was investigated through a 1/4-scale model 
to determine that the reactor airflow distribution was satisfactory. The CTF was designed 
for uniform reactor flow distribution and low pressure loss , and these character is t ics were 
considered of sufficient importance to warrant the model test . 

Figure 3. 31 shows a schematic of the model flow system. The resul ts of the test indi­
cated that none of the reactor tubes should have less than 98 percent of average flow, and 
that the facility p ressu re loss would be within three percent of the predicted value. 

3.4. 2. 3 HTRE No. 3 Model Tests - An experimental investigation was made using a i r 
at ambient temperature to determine the aerodynamic character is t ics of the Heat Transfer 
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Reactor Experiment No. 3 by testing an approximately 1/4-scale reactor-shie ld mockup. 
A complete description of this power plant is given in APEX-904. 

Because the aerothermodynamic character is t ics of various shields a r e discussed in s ec ­
tion 3 .3 , only the effects of header, or shield-plug geometry on the weight-flow distributions 
in the reactor core a r e discussed here . 

Figure 3. 32 is a schematic diagram of the various test configurations. Figures 3. 33 and 
3. 34 indicate the geometries of the front- and rear - sh ie ld plugs respectively. 

Figure 3. 35 is a photograph of the scroll used in configuration D3-5-4 (Figvure 3. 32). 
With the exception of the scrol l and r e a r plug number 4, which were made of Fiberglas 
reinforced epoxy resin, the flow surfaces of the model were metal or Plexiglas. 

Figure 3. 36 indicates the terminology used to designate position in the core c r o s s -
section in these tes ts . 

Figure 3. 37 indicates the weight-flow distribution radially in the core for various front-
header shapes. The t e s t s from which these data were generated were made with the core 
exhausting into a plenum. Thus no rear-plug effects a re present in Figure 3. 37. Based on 
these data it would appear that plug number (or header number) 6 should be used in tests 
to determine the optimum rear-p lug configuration. Plug number 5 was chosen however, 
because its geometry was closer to the geometry being considered for HTRE No. 3 and 
also because the p re s su re loss from the shield annular passage to a station inside the r e ­
actor (station 3 and 4, respectively, in Figure 3. 34) was lower for plug number 5 than 
for plug number 6. 

The weight-flow distribution radially in the core for various r e a r plug configurations in 
conjunction with front plug number 5 were presented in Figure 3. 8. These tests were 
made with a plenum feeding the front-plug annulus. Two of the r ea r plugs were unaccept­
able because of the poor core flow distributions produced and the large p ressu re losses . 
Configuration C3-5-4, however, produced suitable core-flow distribution and resulted in 
a total p res su re loss which was about 53 percent less than the total p res su re loss of the latter 
of the other two rear -p lug configurations. 

Data obtained with the test configuration wherein the scrol l was used (configuration D3-5-4) 
indicated no circumferential or radial variations in the core weight-flow distribution a t ­
tributable to the scrol l . In other words, essentially the same core weight-flow distribution 
occurred regardless of whether the front-plug annulus was fed from an upstream plenum or 
from the scroll . In addition, essentially the same core weight-flow distribution was meas ­
ured with a configuration in which flow was introduced to the front plug through only one leg 
of the scroll simulating a single-engine operating condition. Thus the data presented in 
Figure 3. 8 for configuration C3-5-4 are also applicable for the configuration wherein the 
scrol l was used (configuration D3-5-4) for either 1 or 2 engine operation. 

Figure 3. 38 shows the weight-flow distribution in the core for the configuration in which 
the scroll was used. The large numbers shown in each of the tubes represent the percent 
of average weight-flow through that part icular tube in which the number appears . 

3.4. 2.4 XMA-1 Flow Tests - Experimental investigations of several versions of the 
XMA-1 power plant were made using air at ambient temperature to determine the power 
plant aerodynamic character is t ics . A complete description of this power plant appears 
in APEX-907. 

The first se r ies of tes ts were made using the same core simulator used in the 1/4-
scale HTRE No. 3 tes ts , front- and rear -sh ie ld plugs of the type first considered for the 
XMA-1 power plant, and front and r ea r transition sections^ In addition, compressor-
exit sections and turbine-inlet sections were simulated. 
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2 = 0.2 PARTIAL RADIUS ON 8 OUTER ROW TUBES - NUMBERS B3 THRU C21. 
3 = SAME AS 2 PLUS 0.1 RADIUS ON ALL TUBES. 

F ig . 3.32 —Summary of test conf igurat ions 
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Fig. 3.33-Skrtch of front header face geometry 
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Fig. 3.34 —Sketch of model configuration for tests of various front and rear 
header plugs 
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HEXAGONAL ROW NO. 8, 48 TUBES 

HEXAGONAL ROW NO. 7, 42 TUBES, ETC. 

5.243 

• • • • TOTAL HEAD RAKES IN TUBES 2, 3, 4, A35, A4S 
O LOCATION OF 18 SIMULATED CONTROL RODS 

Fig. 3.36 —Sketch of front face of 216 tube core simulator as used in tes ts 
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Fig. 3.38 —Weight flow distribution " D " in core for complete model configuration " D " 

In a later series of tests the same compressor-exit, turbine-inlet, and front and rear 
transition sections were used with a new front plug, a new core simulator and a new 
rear plug. These front- and rear-shield plugs were of the type considered for the final 
version of the XMA-1 power plant. In the front plug, each flow passage was split into 
two passages by a strut near the downstream end of the plug. In the rear plug each flow 
passage was divided into 3 passages at the upstream end of the plug by 2 dividers in each 
passage. The new core simulator was designed with 151 tubes (the core simulator used 
for the first series of XMA-1 tests had 247 tubes). 

After fabrication of the new core simulator was started, the power plant core design 
was changed. The new core still had 151 tubes but the tube diameter was increased, r e ­
sulting in a larger effective core diameter. Accordingly, 30 additional tubes were added 
at the outer periphery of the new core simulator design. This change resulted in a con­
figuration with approximately the correct effective core diameter and free-flow area, but 
the geometry was incorrect. No detrimental effects were associated with these deviations. 

In the first series of tests, investigations were made to determine the effects on the 
core weight-flow distribution, when front- and rear-shield plug passages were either 
horizontal or vertical. Additional tests were made to determine if the addition of swirl 
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at the compressor exit affected the core weight-flow distribution, and to determine the 
penalty, if any, in core weight-flow distribution of shortening the power plant by extending 
the leading edges of the front plug and the trailing edges of the r ea r plug into the r e s p e c ­
tive front and r ea r collectors. 

The resu l t s of these tes ts may be summarized as follows: 

1. No change in the core weight-flow distribution except for a relocation of the below-
average and above-average weight-flow regions was noted as the front plug was 
changed from a horizontal-passage to a vert ical-passage orientation. 

2. The locations of the above-average and below-average weight-flow regions was con­
trolled by the front plug. Changes in rear-plug orientation had no effect on the core 
core flow distribution. 

3. The addition of swirl at the compressor exit, and simulation of the extension of the 
front and r e a r plugs into their respective transition sections had no effect on the 
core weight flow distribution. 

A typical core weight flow distribution in this 1/4-scale model of the XMA-1 system 
was shown in Figure 3. 9. Complete resu l t s of this investigation were published.94 

Tests in which the more up-to-date shield plugs and core simulator were used, determined 
the core flow distribution for the normal configuration. In these tests single-engine oper­
ation was simulated as was a front-shield or bypass valve failure. Tests were also made to 
determine the effects of decreasing the axial distance between the front- and rea r - sh ie ld 
plugs and the core simulator entrance and exit, respectively. 

The new core simulator design was such that all the tubes did not have the same free-flow 
area.109 Accordingly, core mass-velocity distributions are presented instead of core weight-
flow distributions. The mass velocity of a part icular tube is defined as the weight flow through 
that tube divided by the part icular tube entrance free-flow area . 

Figure 3. 39 is a typical mass-velocity ratio distribution for the revamped XMA-IA 1/4-
scale model system. The variation is approximately ±6 percent from average. 

Figures 3.40 and 3.41 a re the mass-velocity distributions for the simulated bypass valve 
failure and the simulated single-engine operating condition, respectively. The respective 
variations in mass velocity are approximately ±12 percent and ±10 percent from average. 

Additional tes ts indicated that mass-velocity distribution in the core was essentially un­
changed by decreasing the axial distances between the shield plugs and the core . The follow­
ing configurations were tested: 

FULL--SCALE 
AXIAL SPACING 

Front 
3 in. 
2. 5 in. 
1. 5 in. 
1. 0 in. 
1. 0 in. 

Rear 
3 in. 
2. 5 in. 
1. 5 in. 
1.25 in 
0.25 in 

Complete resu l t s of the investigation using the more up-to-date XMA-1 shield plugs and 
core were published.9^ 

3 .4 .2 . 5 Reversed Pr imary-Cycle Air Circuit Configuration - The reversed p r i m a r y -
cycle air circuit (sometimes called the offset configuration) comprises a flow geometry 
wherein the compressor discharge air flows through an annular passage between the 
shield and the reflector. The air is then turned 180 degrees into the core . A description 
of this power plant is presented in APEX-908. 
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IBM 704 computer program. Flux Plotting and Contour Search, and ANP digital computer 
programs 189 and 190, were used to obtain a potential flow design of an annular ring, three 
vanes, and a header geometry in an attempt to obtain a configuration which would achieve 
aerodynamically-controlled turning of the air to provide uniform radial and circumferential 
flow distributions in the reactor. 

A schematic diagram of the test setup for 180 degrees annular-vaned turn and header 
combination was shown in Figure 3.18. 

The core simulator used for these tests is the same one used for the HTRE No. 3 tests 
and the first XMA-IA tests. However, pressures (and consequently the flow) were meas­
ured in only about one-third of the core-simulator tubes. 

The weight-flow distribution over the face of the core for a typical test condition is 
shown in Figure 3.42. For this same test condition, averages were made of the available 
readings in each hexagonal row. Figure 3. 43 depicts the variation of these averages with 
core radius. 

Point 3 
M = 0.0976 
Average deviation from average = 0 0060 

Fig. 3.42 —Typical weight flow ratio (local to average) distribution over core face in 
reversed primary cycle airflow circuit configuration 
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Fig. 3.43 — Variation of the average flow in a hexagonal row with core radius 

Two additional investigations were made with this model. In the first, only the inner­
most vane was retained. For the last, no vanes were used. 

Figures 3. 44, 3. 45, 3. 46, and 3. 47 represent typical weight-flow distributions over 
the face of the core, radially in the core, and for the single-vaned and no-vane configura­
tions respectively. 

Complete resul ts of the reversed pr imary-cycle a i r circuit configuration investigations 
were published.83, 84 

3. 4. 2. 6 XNJ140E-1 Model Tests - Cold-flow tests of the XNJ140E-1 power plant were 
made to establish the basic geometry of header and collector shapes necessary to obtain an 
acceptably uniform core flow distribution. A complete description of this power plant is 
given in APEX-908. The complete cold-flow test resu l t s were published.86 

The same core simulator used for HTRE tests , some of the XMA-1 tests , and the offset 
configuration tes ts , was used in this investigation. Thirty-seven tubes, which would have 
been covered by the shaft-alley simulation, were blocked, leaving 210 open tubes. The 
flow was measured in approximately 100 of these tubes. Figure 3. 48 is a photograph of the 
front face of the core simulator as used in this investigation. 

To answer questions which arose concerning the matching of the many air jets ejecting 
from the tube bundle into the collector an insert, consisting of seven small tubes, was 
molded into the exit of each of the 210 open tubes of the core simulator. This obtained 
approximately the cor rec t scaled-flow exit-jet diameters existing at the time of the model 
design freeze data. Figure 3. 49 is a photograph of the rea r face of the modified core 
simulator. 

The rat ios (A3/A1) and (L/AR) were used to define the variations in front- and r e a r -
plug geometries, respectively. A3/A1 is defined as the ratio of the inlet header a rea 
to the annulus area at the front plug entrance. L/AR is defined as the mean axial spac­
ing of the rea r collector from the exit plane of the core simulator divided by the difference 
between the inner and outer radii of the core simulator. 
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Point 43 
M = 0.0991 
Average deviation Irom average = 0.0079 

Fig. 3.44 —Typical weight flow ratio (local to average) distribution over core face 
single-vaned reversed primary cycle air circuit configuration 
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Fig. 3.45 —Variation of the average flow in a hexagonal row with core radius 
for the single-vaned configuration 

Figures 3. 50 and 3. 51 show details of the model. The schematic of the model was 
shown in Figure 3. 20. The following table shows the various configurations which were 
tested: 

Configuration 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

A3/A1 

1.21 
1.21 
1.21 
0.96 
0.96 
0.96 
0.72 
0.72 
1.51 
1.21 
1.21 
1.51 

L/AR 

0.5 
0.4 
0.3 
0.3 
0.4 
0.5 
0.5 
0.4 
0.6 
0.6 
0.7 
0.7 

Figure 3. 52 is an indication of the core flow distribution obtained with the various model 
configurations. The ordinate, percent deviation (WRjjj^x"WRiniii)/^ave> is the difference, 
expressed in percent, between the maximum and minimum hexagonal row averages of 
weight-flow, divided by the average weight-flow per tube. These values are plotted as a 
function of (L/AR) for various values of (A3/A1). 

The radial weight-flow distribution in the core for configuration 1 is shown in Figure 3. 53. 

The resu l t s of this investigation indicate that for each header design there is a part icular 
collector shape which permi ts a core weight-flow distribution more uniform than those ob­
tained with other collector shapes. Configuration 1, (A3/A1) = 1.21 and (L/AR) = 0. 5, p r o ­
duced the most uniform core weight flow distributions. 
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Three additional investigations were made with this model using configuration 1. In the 

first two investigations it was found that extracting up to 20 percent of the flow through a 
series of holes in the outer wall of the front plug annulus, or injecting up to 6 percent of 
the primary flow into the annulus near the core at the inner wall of the rear plug had no 
significant effects on the flow distribution. 

In the final investigation, it was found that a simulated compressor discharge swirl angle 
of 30 degrees provided an unacceptable core weight-flow distribution. A swirl angle of 10 
degrees, however, caused no significant changes in the core weight-flow distribution com­
pared to that obtained with no swirl. 

Point 74 
M = 0.099 
Average deviation from average = 0.0075 

Fig. 3 .46 -Typ ica l weight flow ratio (local to average) distribution over core face in 
no-vaned reversed primary cycle air circuit configuration 
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Fig. 3.48 —Front face of core simulator used in \NJ140C-1 cold flow tes ts 
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Fig. 3.49-Rear face of core simulator used in XNJ1401M cold flow tests 
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Fig. 3 .50-Fron t primary duct 0.27 scale model tes ts 
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Fig. 3 . 5 1 - R e a r primary duct 0.27 scale model tes ts 
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4. INSTRUMENTATION 

Much of the information summarized in the previous section is dependent upon measure­
ments of temperature, flow and p ressu re . This section provides a short discussion of the 
problems, limitations and estimated accuracy of temperature measurements. Information 
on instrumentation of specific power plants is given in the appropriate volume, APEX-902 
through 908. (See APEX-901 for listing of contents of all repor ts . ) A more comprehensive 
summary of fuel element temperature instrumentation is given in APEX-912. 

4.1 TEMPERATURE MEASURING DEVICES 

The difficulty of physically reaching fuel element materials being tested in a reactor , 
the high temperatures involved and the requirements for high reliability have created 
difficult problems in temperature instrumentation. Optical or radiation methods were 
difficult to adapt because of the problem of bringing the radiation to the point of detection. 
The major effort, therefore, was expended to adapt thermocouples to the measurement of 
fuel element surface temperatures . 

The problem of temperature instrumentation of fuel elements is divided into three par t s , 
according to the tjrpe of fuel element, as follows: 

1. Fuel elements formed basically from thin metallic mater ia ls . 
2. Fuel elements formed from small diameter (0. 04 inch) metallic wires . 
3. Fuel elements formed from essentially pure ceramic mater ia ls . 

In the case of thin flat surfaces, the main problem areas are : 

1. The mater ia ls and design problem of fastening the thermocouple to the surface in a 
reliable manner. 

2. Provide reliable thermocouple lead wires . 
3. The design should accurately measure undisturbed surface temperatures , and if this 

is not possible, e r r o r s must be predictable. 
The fuel element surface materials of nichrome and iron-chrome-yttr ium were instru­

mented in a s imilar manner. The method of attachment is to spot weld platinum and 
platinum - 10 rhodium wires to the surfaces. These may be bare wires insulated with 
hard-fired alumina beads or metallic sheathed and insulated wires . The technique of spot-
welding and arrangement of the wires is very precise . The details of this method were 
published. •'• 

E r r o r s (fin effects) are encountered because the high-velocity air flowing over the plate 
cools the wire which in turn cools the plate, in the area of the thermocouple junction. Ex­
perimental work for the purpose of determining these e r r o r s was published.^ E r ro r s were 
found to be proportional to the difference in temperature between the fuel plate and the air 
temperature and a function of the mass-flow velocity over the surface. The passage through 
which the air is flowing, the thickness of the fuel plate, the diameter of the thermocouple 
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wires , and the thermal conductivities of the plate and wires also influence the e r r o r . Me­
thods of modifying the experimental data to determine e r r o r s for other plate thicknesses, 
mater ia ls and geometry were published.*^ A theoretical analysis of the cooling effect of 
wires attached to thin plates in which there is heat generation was reported.^ For the con­
ditions assumed, the e r r o r s were approximately 10 to 20 percent of the temperature dif­
ference between the flowing ai r and the fuel plate. 

When thermocouples are spot-welded to the fuel sheet, the effective junction is assumed 
to be at the surface contact between the fuel sheet and the thermocouple wire . This effec­
tive junction should remain fixed, but under certain high-temperature conditions, it may 
move as a function of time due to diffusion of the mater ia ls of the fuel plate into the thermo­
couple wires . Graphs of thermocouple readings whose junctions are attached to iron-
chrome-yttrium fuel material were published.^ At 2000°F no shift in effective junction is 
evident, but at 2300°F a drop-off of 150°F is experienced over a 100-hour period. 

A technique for welding Pt - 6 Rh and Pt - 30 Rh thermocouples onto i ron-chrome-
yttrium fuel sheet was reported." 

An improved technique was developed to accurately and reliably measure surface tem­
perature with a design known as the flattened-sheath construction. The design and tech­
nique for appljring this method to fuel plates was published.^ Besides being a more rugged 
design it is considerably more accurate than wire-type thermocouples. Results of a test 
to determine the accuracy of the flattened-sheath design were published.' A picture of the 
test specimen is shown in this reference. The flattened sheath and attendant pad indicates 
a reading approximately 120°F higher than the wire type which agrees well with the p r e ­
dicted e r r o r s for the bare-wire type thermocouple. 

A theoretical analysis of the e r r o r s that may be expected with the pad and ramp type 
thermocouple (similar to the flattened-sheath design) was reported." This analysis is 
based on a finite-difference approach to solve the equation involving both conduction and 
convection. Solutions for various geometries and bounding conditions were obtained with 
the aid of the THT computer program (see section 2,4). 

Platinum versus platinum - 10 rhodium thermocouples encased in nichrome sheaths 
were relatively unreliable because of differential expansion between nichrome and plati­
num. This fact plus the desirability of having the lead-wire expansion coefficients match 
the fuel element s tructural material (because the leads had to run the length of the s t ruc­
ture) resulted in work to develop a thermocouole system which had thermoelements which 
matched that of the nichrome structural mater ials and the fuel elements. Work was per ­
formed at the General Electric General Engineering Laboratory to obtain a set of thermo­
elements to match nichrome in expansion character is t ics . The calibration of the Chromel 
"A" versus Hoskins 875 alloy thermocouple, which resulted from this work, was r e -
ported.9 Also shown is its relation to the platinum versus platinum - 10 rhodium thermo­
couple. The fabrication procedure for flattened-metallic-sheathed thermocouples made 
from this material was published.^^ 

Three techniques of instrumentation of small-diameter fuel wires were reported.^! One 
method consists of spot-welding the bare-wire ends directly to the fuel wires . This can be 
done, however, only with fuel element surface materials such as nichrome. For coated 
columbium fuel elements the technique of a centrally-located thermocouple wire can be 
used. A tubular platinum versus paladium thermocouple may also be used. The latter two 
techniques are described on pages 8 and 10, respectively, in the reference material . 

The high temperatures (2300° - 2800°F) used with ceramic-fuel elements has dictated 
the use of thermocouple materials made entirely of the noble metals , platinum and rho­
dium, with ceramic insulation. The general geometrical configurations used were pub-
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l ished. l2 Tjjg best configuration tested so far was that called "Duax - hard fired." This 
method is best because it minimizes decalibrations which occur as the result of evapora­
tion of rhodium into the platinum leg or the platinum-rhodium leg which has the lowest 
percentage of rhodium. This method overcomes the diffusion of rhodium by shielding each 
thermoelement with material of the same composition. In the use of thermocouples for 
high-temperature applications, care must be taken when the leads are routed through 
zones of high temperature . The calibration e r r o r s that may result were reported.^^ Me­
thods of fabrication of junctions were published.^"* It is also beneficial to f lame-spray 
the platinum and platinum-rhodium bare wire thermocouples to prevent decalibration with 
t ime.^^ The flame spraying also prevents disintegration of the sheath. A drawing showing 
how metall ic-sheathed thermocouple mater ia l is used to instrument a reactor test of 
ceramic fuel elements was prepared.^" 

4.2 FLOW MEASURING DEVICES 

In some of the GE-ANP experimental-flow investigations, the geometry of the test set-up 
was such that it was not possible to have the recommended ten diameters of straight-run 
pipe preceding a sharp-edge orifice. As a consequence, attention was given to the possible 
use of Gentile-type flow measuring tubes. Calibration tests on these tubes were reported.^ ' 
The resul ts of this investigation indicated that the accuracy of a flow tube was substan­
tially affected by upstream geometry, the flow coefficient for the tube was consistently 
less than that recommended by the manufacturer, and that there was considerable var ia­
tion of the coefficient with pressure drop across the tube. 

A procedure was derived, based on a simplifying approximation, that would permit the 
direct computation (non-iterative) of the compressible weight-flow of air through an orifice 
in t e rms of inlet and exit p r e s su re s , the total temperature , and orifice geometry. The 
e r r o r in true weight-flow, caused by the approximation, was less than 1 percent for a wide 
range of orifice geometries and operating conditions. The derivation of the final computa­
tional equation together with a comprehensive set of orifice tabulations based on IBM solu­
tion of the equation was reported. l^ 

A description of a "double-pass" Schlieren system built by GE-ANP was published.!^ 
In the double-pass system, light rays that pass through the test section twice by the mech­
anism of reflection from a single concave m i r r o r , are cut by a knife-edge at the focal 
point of the m i r r o r , and then diverge to hit the screen. The double-pass system has ap­
proximately twice the sensitivity of the conventional two-mirror single-pass apparatus and 
had the additional meri t of simplicity and low cost. 
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5. MISCELLANEOUS SUPPLEMENTARY INVESTIGATION 

This section is a brief comment and reference identification of some investigations 
which were supplementary to the aerothermodynamic analyses and experiments performed 
in development of the direct cycle aircraft nuclear power plant and its components. 

5.1 ANALYTICAL STUDIES WITH GENERAL APPLICABILITY TO REACTOR AEROTHERMODYNAMICS 

A procedure was reported for determining the temperature field in a non-concentric 
annulus when the heat re leased from the bounding, circular , cylindrical walls is of unequal 
strength. The flow is turbulent and the hydrodynamic boundary-layer is fully developed. 
The thermal boundary-layer s ta r t s developing at the longitudinal position where heating 
commences. In the analysis it is assumed that the line of maximum velocities for turbu­
lent flow through a non-concentric annular cross section is equivalent to that for laminar 
flow, since the lat ter can be obtained exactly in the notation of a bi-polar coordinate system. 

The complete closed-form solution for the case of laminar incompressible flow between 
non-concentric cylinders was reported.^ The solution, in bipolar coordinates, gives the 
velocity as a function of position in the cross-sect ional flow area . 

A method for the assessment of the cross-sect ional temperature distribution in unfueled 
ceramic tubes in the radial reflector region outside the active core was published."' This 
paper presents an exact solution for the problem of two-dimensional heat flow in an annu­
lar ring in which there is an exponential decay of internal heat generation from one terminal 
of the outer diameter of the ring to the other. The decay constant may be arbi trar i ly assigned, 

A method for determining the effect of manufacturing tolerances on the temperature dis­
tribution in the c ross section of a hollow fuel tube was reported,"* Specifically, this method 
will predict the effect of non-concentricity of the coolant hole in the fuel tube on temperature 
perturbation in the solid mater ia l of the c ross section. The outer boundary of the tube is 
assumed to be insulated, the tube-wall material has uniform heat generation, and a con­
stant heat t ransfer coefficient exists on the periphery of the non-con entric coolant hole. 

A source file of heat transfer data for design problems associated with nuclear reactors 
was reported. ' ' This file deals with turbulent flow of gases in various types of ducts. The 
following i tems are discussed: heat flux and mode of heat-input effects, entrance-region 
effects, duct c ross section effects, annular passages , heat transfer-momentum analogies, 
and recommendations of analytical methods used on the duct configurations considered. 

5.2 EXPERIMENTAL STUDIES WITH GENERAL APPLICABILITY TO REACTOR AEROTHERMODYNAMICS 

The "Coanda Effect" states that when a fluid flows from a duct discharge with both diverg­
ing and straight walls, and empties into an infinite plenum, the flow will be turned through 
an angle toward the diverging wall. The total p ressure loss associated with this type of 
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expansion will be less than that of free expansion from a similar cross-section duct with 
an abrupt discharge. Results from exploratory experimental tests on the Coanda effect was 
reported. From these tests it was concluded that a Coanda nozzle will deflect a stream of 
air leaving a pipe or duct with less than one velocity head loss in total pressure up to some 
critical Mach number which is a function of the radius of the diverging wall of the nozzle. 

An experimental study of airflow through a duct containing staggered rows of streamline 
struts with axis normal to the air stream was reported in reference 87 of section 3. 
Biconvex struts (formed by two circular arcs) having aspect ratios of 3:1 and 5:1 were 
tested over a range of pitches, gaps and flow conditions. The results of this investigation 
are in the form of effective friction factor versus Reynolds number for the various ge­
ometries considered. 

A transient technique of determining heat transfer coefficients for fuel element designs 
n 

was reported. Evaluation of the merit of this method was determined by comparing data 
taken during transient cooling of a large-scale test specimen, consisting of flat plates, to 
that obtained from steady-state heat transfer results, A correlation of the transient data 
indicated that this method gives results that are within 8 percent of recommended steady-
state experimentally determined values. 
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