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I. INTRODUCTION 

1.1. Motivation 

Air pollution is now recognized as a serious national problem. A 

major portion of this pollution is attributed to motor vehicles. So 

important is this problem that it has precipitated a series of state 

and federal regulations governing the maximum allowable level of pollu-

tants in automotive exhausts. To date,these laws have been satisfied 

through modifications of the conventional internal combustion engine 

(ICE). However, as the regulations become more stringent,these modi-

fications will become more costly and troublesome. As a result of this 

pressure, engine manufacturers and government agencies are investigating 

alternative powerplants. One of the more promising of these is based 

on the Rankine or vapor cycle and is popularly called a steam engine 

(1,2).* To be an acceptable replacement for the highly developed ICE 

in the modern car, a steam engine must be compact, safe, and agile 

as well as non-polluting. The size and responsiveness of a complete 

steam powerplant is primarily a function of the type of steam generator 

(boiler) employed. A once-through monotube boiler optimizes these 

characteristics. 

A monotube boiler consists of a single tube wound into a series 

of spiral coils. Combustion gases pass around the tubing in this stack 

of coils to the flue. Feed-water is pumped into the flue end of the 

* Numbers in parentheses refer to references on page 72. 
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tube and finally emerges from the combustion chamber end as superheated 

steam. Thus there is no circulation since the water passes through the 

tube only once before going to the engine. This type of boiler has a 

large ratio of heat transfer area to water volume, which leads to fast 

r~sponse. The small mass of fluid contained contributes to greater 

safety in case of tube failures. However, these advantages are accom-

panied by several penalties. The small inventory of heated water means 

that an increase in demand for steam can quickly empty the boiler un-

less a fast-reacting control system immediately pumps in more feed-

water and fuel. The resulting hesitation when one "steps on the gas" 

is definitely disconcerting and even dangerous. On the other hand if 

the control pumps in too much water and fuel, the steam pressure and 

temperature may exceed safe limits which leads to tube failure and/or 

excessive engine wear. Thus,even the most elementary control must 

closely regulate outlet steam temperature and pressure, despite 

fluctuating demand, through judicious variation in inlet water and fuel 

rates. But for the most rapid possible response, it is likely that 

water will be injected and temperature/pressure measured at several 

points along the tube. With this large number of variables to be con-

sidered, it would be wasteful to adopt a purely cut-and-try approach 

to the development of an optimum control system. To expedite this work, 

a mathematical model of the boiler should be employed. This transient 

model could then be used to analytically test candidate control 

strategies under a range of simulated operating conditions. In this 

manner the more promising control algorithms may be identified and 
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then receive the detailed attention they deserve. Thus, there appears 

to be a current need for a simulation of a monotube boiler under tran-

sient conditions. 

1.2. Plan of Attack 

The boiler is a system whose dependent variables are the outlet 

steam pressure and temperature. Both these properties must be main-

tained within narrow limits despite the random disturbance to the exit 

steam flow rate provided by the driver's throttle foot responding to the 

traffic situation. To meet these conditions the engineer must control 

the independent variables water rate and firing rate. Therefore, to be 

useful in control system analysis the boiler simulation should provide 

for changes in these variables. The present research is designed to be 

the engineering tool needed for this control work. 

To provide this tool several steps must be taken. First, the 

mathematical relationships which describe the physical situation must 

be assembled. Since a boiler is basically a fluid flow device, our 

general relations will be the conservation laws for mass, momentum and 

energy. These will be augmented with phenomenological equations for 

heat transfer and pressure drop. The equations of state relating the 

thermodynamic variables will complete the mathematical model. The 

second step is the development of a method of solving the equations to 

get numbers on a digital computer. When put in finite difference form 

for numerical solution, the general relations constitute a matrix 

equation with a variable coefficient matrix. To solve this set of 
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equations consideration will be given to purely iterative methods, the 

solution of each equation separately plus iteration, and a truly simul-

taneous solution. The simultaneous solution represents the real 

situation best but is more difficult from a computational standpoint. 

When the simulation is operating, its predictions will be compared 

with results reported in the literature and preliminary test results 

from an automotive-size boiler which has been built. 

1.3. Preliminary Studies 

This simulation is as flexible as appeared feasible but any 

specialization which was needed was always made in favor of an auto-

motive boiler. Some of these decisions will be discussed along with 

the reasons behind them. 

The choice of an optimum working fluid for a Rankine powerplant 

has received much attention (3,4,5). Water has the disadvantages of 

high freezing point, poor shape of the saturation dome on a temperatur~ 

entropy diagram and high enthalpy change per pound when expanded. The 

latter weakness leads to a large volumetric expansion ratio in an 

engine, or many stages in a turbine, either of which make the power-

plant more complex. However, alternate fluids have weaknesses such as 

high cost, toxicity and chemical instability at the high temperatures 

(800-1200 F) that an efficient powerplant must use. In fact, some 

fluids suffer an excessive pressure drop across the valves at reason-

able engine speeds (6). From the above it is clear that the ideal 

fluid has not been found. This research used water since the resulting 
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mathematical model can be extended to another fluid rather easily if 

desired. 

The choice of nominal steam temperatures and pressure is a com-

promise. It is well known that high values increase thermal efficiency 

(7,8). However, very high pressures shorten piston ring life, increase 

boiler weight and require huge expansion ratios to realize the effi-

ciency potential. If a turbine is being contemplated, high pressure 

reduces the turbine size for a given power, thereby increasing the 

already serious problems of low turbine efficiency and multistage 

reduction gearing. Very high temperature increases material problems 

in superheater, valves and pistons but it does give a significant 

improvement in thermal efficiency with no increase in volume expansion 

ratio. To ascertain optimum steam conditions parametric studies have 

been made of the Rankine cycle using a Rankine Cycle Analysis (RCA) 

computer program. A Rankine cycle is a simple cycle involving only a 

boiler feed pump, steam generator, engine or turbine and condenser. 

In some nineteenth century texts it is considered a saturated steam 

cycle but this definition has been relaxed in recent years to include 

superheated steam. A Rankine cycle does not include any reheat or 

regeneration and assumes ideal processes, e.g., no pressure drop in 

the boiler or condenser and complete isentropic expansion to the ex-

haust pressure within the cylinder. RCA computes Rankine cycle para-

meters directly from steam table data found in the STEAMT subroutine 

listed in Appendix E. It is fast (several hundred cases per minute) 

and therefore useful for making a wide-ranging survey of simple steam 
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powerplant cycles. From RCA data we plot Fig. 1.1 which shows the 

effect of volume expansion ratio, VR, on cycle efficiency, RCE, for 

various steam chest temperatures, TSC, and pressures, PSC. For constant 

TSC, increasing PSC requires large increases in VR for only a small 

increase in RCE. However, at constant PSC, an increase in TSC permits 

a reduction in VR with a large increase in efficiency. Thus a high 

maximum temperature is a prime requirement for high realizable thermal 

efficiency. A temperature of only 800 F has been chosen for this 

research solely to avoid boiler tube problems in the early (more un-

certain) phases of the experimental work. 

The next step in the direction of reality in the simulation of 

the engine (expander) only is provided by the Ideal Cylinder Performance 

(ICP) program. This adds the effect of clearance volume, admission 

valve closing point (cutoff) and exhaust valve closing (compression). 

The isentropic exponent (y = c /c) is computed from STEAMT and used p C 

to compute the work of the idealized indicator diagram. Thus ICP 

includes the effect of incomplete expansion on the power stroke of the 

piston and free expansion of the fresh steam at the end of the com-

pression stroke. From the resulting indicated values,a friction mean 

effective pressure is subtracted to give an approximation of the brake 

performance. ICP is well suited to a study of the effect of condenser 

performance on the power plant. 

Figure 1.2 shows the effect of condenser temperature, TCOND, on 

brake thermal efficiency, BTE, for various PSC. As expected, BTE 

increases with decreasing TCOND so a low TCOND is desirable. However, 
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any practical steam car must condense essentially all its water, so for 

a given condenser size the maximum engine power depends on engine 

efficiency and temperature difference between steam and air. (See 

Appendix A). The combined effect of these two variables is demonstrated 

by the second set of curves in Fig. 1.2 which show;that for maximum 

power with full condensing a high TCOND is desirable. In other words, 

we cannot obtain high efficiency and power at the same time. This 

classic compromise between efficiency and condenser size is more diffi-

cult for the air-cooled condenser in an automotive application. 

A third engine simulation models the details of actual valve-

opening diagrams, pressure drop through the valves, leakage, heat 

transfer in the cylinder,and the variation of mechanical friction with 

load and speed. It integrates differential equations for mass flow 

through admission and exhaust valves, cylinder pressure, and mean 

effective pressure around the engine cycle. This program is suffi-

ciently complete to give the actual Predicted Engine Performance (PEP). 

The basic general conclusion from this PEP program is that the ICP 

program gives a good prediction of efficiency but a high power since it 

does not include pressure drop through the valves. 

The three programs mentioned above are not described herein since 

they are not the subject of this research. However, their use provided 

data from which it is concluded that the chosen values of 800 psi, 

800 F and 220 Fare realistic steam conditions and feedwater temperature 

for steam automobiles. 



II. LITERATURE REVIEW 

Before discussing previous work in the area of boiler simulation 

it appears prudent to define the two basic types of boilers. The 

water-level type is characterized by a large drum in which a water 

level is maintained at a constant position. Water moves through a 

large number of short parallel tubes by natural circulation. While in 

passage through these heated tubes some of the water evaporates. This 

steam is separated from the liquid and then passes from the drum to 

the superheater tubes. 

On the other hand, a monotube boiler does not have a fixed water 

level. Feed water is pumped into one end of a heated tube and grad-

ually evaporates as it moves through the tube until eventually all the 

droplets of liquid water have disappeared. This point, which 

corresponds to the saturated vapor line, moves back and forth in the 

tube as the steam rate changes, so a monotube does not have a 

fixed water level. As a result of its forced circulation the monotube 

also escapes the numerous limitations on layout which natural circula-

tion places on the water level type. 

These essential differences indicate that the analytical model 

of a water level boiler would be of only limited utility in a monotube 

simulation. This fact excludes some boiler literature from extensive 

review. 

10 
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2.1. Control Systems 

Current work on the control of fast response automotive steam 

generators can be best appreciated against a background of the classi-

cal work in this area. The Stanley used a water-level boiler. This 

level was closely regulated through control of the boiler feed pump. 

Steam pressure controlled the firing rate. This system is simple, 

reliable, and has a large steam reserve. However it is also heavy and 

slow to attain maximum output when started from cold. A qualitative 

review of monotube boiler control systems has been given by Doble (9). 

The Serpollet monotube employed an auxiliary engine which drove all the 

pumps, thereby assuring a fixed ratio of fuel to water flow. This 

system was too inflexible since it could not handle abnormal situations. 

The White monotube used a system which sensed water flow rate in 

addition to steam outlet temperature and pressure. This was probably 

the best of the early (pre 1910) controls. Doble has developed two 

techniques. The first uses a "normalizer" which injects a portion of 

the feedwater into the superheater portion of the tubing to control 

over-temperature. The second uses a "triple-effect" thermostat which 

responds to the average of feedwater, saturation and outlet temperatures. 

McCulloch (10) employed a combination of Doble's methods. No evidence 

has been found of the use of a mathematical model of boiler transients 

by these early experimenters. 

The best current review of control systems for steam automobiles 

is provided by Garner (11). His review is purely qualitative, again 

due to the absence of applicable simulations in the area. In fact he 
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concludes another of his articles (12) by stating, " ... perhaps the 

most valuable bit of research which could be implemented for the 

advancement of steam car engineering would be the development of the 

generalized transfer functions of the automotive monotube boiler, and 

the relation of their various coefficients to the physical parameters 

of the specific boiler." 

2.2. Peripheral Work 

Until recently, most modern research on small Rankine cycle power-

plants was directed toward military or space applications (13,14). 

Many of these prime movers drive electrical alternators at constant 

speed (15) while others are further simplified by forcing them to 

deliver constant power (16,17). Others are part of a compound system 

(18) which is probably too complex for automotive use. Modern 

Rankine engines intended specifically for automobiles usually rely on 

the same control concepts employed by the classical steamers. The 

General Motors SE-101 (19) senses steam temperature and pressure at one 

point in order to control three-step water and fuel pumps and a 

normalizer. Some writers on control systems simplify the problems by 

eliminating vital elements like the superheater (20). But superheat 

is important since it improves the ideal cycle efficiency without 

increase in volume expansion ratio while eliminating the cylinder 

condensation which occurs in a real engine. Other workers introduce 

problems that will not concern a steam car. For example, the 

assumption of a constant pressure feed pump leads to "static" or 
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"pressure drop" instability (21). This occurs when the boiler is 

operated in a state such that an increase in water flow rate causes a 

decrease in pressure drop. This leads to an increased flow rate, etc. 

so an unstable situation exists. However an automotive steam plant 

will employ a positive displacement pump which delivers a constant flow 

rate (at a given speed) regardless of pressure. If the feed pressure 

is pulsed, however, instabilities can develop at certain frequencies 

(22). The monotube boiler can suffer from other types of instability 

(22,23,24). An acoustic disturbance may cause mechanical vibration 

but it is usually random and does not couple with other boiler components. 

Though much of this work is not useful relative to the problem at hand, 

it does serve as a reminder that several types of flow instabilities 

exist in monotube boilers. However, no record has been uncovered 

indicating that they have caused trouble in steam car boilers. 

2.3. Modern Research 

In the more applicable modern work, Peoples (25) assumes a first 

order time lag between the change in fuel rate and the resulting change 

in steam rate. As will be shown, this is a reasonable approximation if 

a pure, or transport, lag is also included. He does not give any method 

for calculating the time constant of the system. 

Richards and Garner (26) have written a simulation which assumes 

constant pressure in a boiler having preheating, evaporation and super-

heating sections. All heat transfer and transport properties are 

assumed constant for a given section. The entire counterflow boiler 
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consists of 120 segments with an explicit energy balance equation 

for each. The prime limitations here are the lumping of all tube wall 

temperatures into one per segment and the assumption of constant density 

in the two-phase region. The latter removes the problem of using steam 

tables but is a major weakness at the pressure (800 psi) considered 

here since the density ratio ( and hence velocity ratio) between satu-

rated liquid and vapor is 27 for the nominal steam conditions used. 

Buis (27) has developed a hybrid (analog and digital) simulation for 

the purpose of studying the pressure waves in boilers. These high 

frequency waves are more difficult to reproduce accurately than the low 

frequency thermal waves of interest here. The characteristics of the 

hyperbolic equations must be calculated and the direction of integra-

tion varied to suit these characteristics. This approach appears to 

be fast and accurate and deserves further consideration but its imple-

mentation does require an extensive hybrid computer facility. 

In recent years the Environmental Protection Agency (EPA) has 

sponsored research in steam car design. One of their contracts to 

provide a complete automotive steam powerplant was let to Steam Engine 

Systems Corporation who in turn subcontracted with Bendix Corporation 

for the control system. Bendix (28) has also developed a hybrid simu-

lation though it includes not only the boiler but the control system, 

engine and vehicle. The boiler is broken into preheater, evaporator 

and superheater sections of constant length. A simple polynomial 

curve fit plus the Clapeyron equation were used for an equation of state. 

Though the simulation is claimed to represent a particular boiler well, 
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the simplifications above limit it to the study of existing boilers, 

i.e., it is dependent upon numerous experimental coefficients. No 

experimental results are given. 

In the last 20 years the once-through boiler has become more 

popular in central power stations. Adams, et al. (29) have linearized 

the general equations and converted them to a set of ordinary differ-

ential equations (ODE) through lumping. In this technique the three 

PDE which govern the entire boiler are replaced by a set of three ODE 

in time for each section of the boiler. The dependent variables are 

averages or lumped values which hold for the entire section. This 

lumping permits an analog simulation but 160 amplifiers are required 

and due to the linearizations only small perturbations may be studied. 

This paper gives some transients for a 1.3 million lbm steam/hr boiler-

turbine but the description of the plant is inadequate for a test run 

on the simulation described in this research. Livshits, et al. (30) 

have reported the transient response of a 250 metric ton/hr (about 

550,000 lbm/hr) boiler. Though no simulation or boiler details are 

given it is interesting to note that for a minimum change in tube 

temperature the water rate was increased 30 sec.after the fuel rate 

was raised. 

The frequency response of monotube boilers have been studied by 

NASA-Lewis and their contractors. Krejsa and co-workers (31) have 

boiled freon in a water heated counterflow boiler in which the freon 

feed rate was varied sinusoidally at frequencies of 0.04-4.0 cps. The 

exit quality was limited to 12-63%. 
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Hess and collaborators (23) report extensive results of tests on 

a water heated boiler using counter flowing water as the working fluid. 

Steady state, step response and frequency response tests were performed 

in a search for a model to predict instabilities. These workers report 

a non-equilibrium condition can exist at the boiler exit in which 

superheated steam and saturated water droplets co-exist. This violates 

the underlying premise of classical thermodynamics and introduces a 

most undesirable new variable to be determined. Though this is not a 

combustion heated boiler the results will be qualitatively compared 

with those reported here in the Results section. 

From this literature review one concludes that a detailed all-

digital simulation has not been attempted and no transient results are 

available for a fully described, combustion-heated, monotube boiler. 



III. MATHEMATICAL MODEL 

3.1. Definitions and Assumptions 

In this work we define the mathematical model as the set of 

equations which are used to describe the physical situation of interest. 

A simulation is a broader term which includes the mathematical model, 

the method of solving the equations, and the detailed programming of 

the computer. 

Before introducing the basic equations the assumptions should be 

discussed. Fundamental to the entire analysis is the assumption of 

one-dimensional flow. This implies the absence of gradients of any 

kind in the radial and circumferential directions. The fact that 

radial temperature and velocity gradients actually do exist is account-

ed for through empirical relations for heat transfer and pressure drop 

which are modified to account for the curvature of the coiled tube. 

Both radiation and convection heat flux will vary around the tube 

periphery but only average values are used here. The variation in 

tube diameter from coil to coil is provided for through a variation in 

velocity which is inversely proportional to the variation in flow 

area. 

Energy storage in the casing is ignored, though provision is 

made for the heat loss to ambient. Energy storage in the gas is also 

neglected--it is assumed that the energy release rate of the fire can 

be changed instantaneously. This is taken to be a problem in classical 

thermodynamics, i.e., equilibrium exists to permit valid use of average 

17 
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properties, 

3.2. General Laws 

The general laws applicable here are the conservation laws of 

mass, momentum and energy in their one-dimensional form. We derive 

these in integral form for a control volume with fluid entering at 

station i and leaving at i+l. The conservation of mass may be written: 

rate of mass increase net mass flow in = in volume across boundary 

d 
dt J pdV = puAi - puAi+l 

Newton's Second Law of Motion, or the momentum equation, is: 

rate of momentum 
increase in volume 

net shear + force 

+ net momentum 
flow out = net normal 

force 

d 2 2 
dt J PudV + pu Ai+l - pu Ai= pA - pA - Ap A i i+l O friction i 

(3 .1) 

(3. 2) 

The First Law of Thermodynamics or the energy equation may be written: 

rate of increase 
of energy in 
volume 

net rate of energy 
= convected in 

rate of stress + heat flow 
work on boundary rate in 

+ 6pf i i uAi + Q (3.3) r ct on 
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These general laws are written above in what is called the "conserva-

tion form" since the quantities being conserved, namely mass, p, 

momentum, pu, and stored energy, pe, per unit volume, all appear ex-

plicitly. Within the limitations of the assumptions these equations 

are exact even in finite difference form if the integral can be 

accurately evaluated. 

The differential form of these equations can be derived from the 

integral form by differentiating the integral, dividing through by 

AV= A.D.x, and going to the limit Ax~ 0: 

+ apue + = _ u cpf 
ct ox ox dV ox 

These equations are still in conservation form. 

(3 .4) 

(3 .5) 

(3. 6) 

To permit easy use of 

the steam tables the variables enthalpy, h, and specific volume, v, are 

introduced. The stored energy is 

and 

so the equations become 

2 
e=h-pv+!!_ 

2 

1 p = 
V 
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clv av -+ u at ax 

au + au + - ap f at U OX V OX - V ax 

ah + u l!:!_ + u + u2 au 
at ax at ox 

(3. 7) 

(3 .8) 

(3. 9) 

Most of this research effort has been devoted to solving the general 

laws in this form. 

3.3. Equations of State 

Several particular laws are needed to complete the mathematical 

model of the system. The thermodynamic properties are related by 

equations of state, i.e., by steam table data: 

V = f(T,p) or v = f(T,x) (3 .10) 

and 

h = f(T,p) or h = f(T,x) (3 .11) 

where here xis steam quality and his enthalpy. 

These relations, plus transport properties, are available in a 

subroutine STEAMT and are discussed in Appendix C. 

3.4. Steam-side Convection Coefficient and Pressure Drop 

In this research we rely entirely on empirical data--no effort is 

made to determine these data from first principles. Since the heat 

transfer to the steam is required we must determine the convection 
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coefficients ht and hv. For the fully developed turbulent flow of 

liquid water in straight circular tubes, Kays (32) recommends 

htd = 0.155 Re0.83 Pr0.5 
k 

while for gases in the same flow situation he suggests 

h d 
_:!__ = 0.021 Re0•8 Pr0•6 

k 

The pressure drop is 

where the shear stress 

depends on the friction factor (32) 

f = 0.046 Re-O.Z 

(3.12) 

(3 .13) 

(3 .14) 

(3 .15) 

(3 .16) 

For curved tubes a secondary flow develops which increases both the 

friction factor and the heat transfer coefficient by a factor (32) 

2 0.05 
[Re (~) ] 

D 
(3 .17) 

where dis the tube diameter and D the coil diameter of curvature. 

Combining the above we get 

h = 0.155 (~)O.l ReO.BB PrO.S 
t D d 

(3 .18) 
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h = 0.021 (~) 0,1 Re0.85 Pr0.6 
V D d (3.19) 

0.184 
d 0,1 Re-0.15 6pf = (-) D (3.20) 

These relations pertain to single-phase flow. For the two-phase flow 

in the evaporation zone the physical situation is far more complex. 

Despite a large mass of literature on the subject (33,34) no single 

relation which covers the entire range of steam quality has been found. 

However, Peterson (35) has presented a design procedure based on 

piecing together existing correlations. He shows that in general, heat 

transfer and pressure drop increase in the two-phase region. With this 

fact as a point of departure, the relations used herein are original 

to this investigation and are based on a linear combination of liquid 

and vapor coefficients multiplied by a two-phase factor. The final 

equations, given below, are in general agreement with the literature in 

this area: 

This simple treatment of a complex problem can be justified to some 

extent. It does give a continuous variation of h2ph and 6p for any 

quality x while some published relations are discontinuous. Its 

simplicity also permitted the development of the overall simulation to 

proceed. However, the prime justification for this approach is the 
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fact that accurate coefficients are not required in this case. Pressure 

drop is only a second order variable in a forced flow boiler so its 

accurate determination is not required. Also, the boiler under con-

sideration is not heated by a constant heat flux source such as a 

nuclear reactor or electrical resistance. Instead, its heat is received 

from a combustion process through an outside coefficient that offers 

about 20 times the resistance to heat transfer that is offered on the 

water side. Thus the gas side coefficient dominates the heat flow and 

the steam side does not need to be determined accurately. Despite the 

arguments above, improvements in this area are needed. 

3.5. Gas-side Relations 

Gas-side correlations are entirely based on Kays and London (36). 

The gas-side coefficient h is given by g 

hg = Ch Cp G Re-O•4 Pr 213 

where Ch is a coefficient depending on the 

ratio Xt = and longitudinal ratio Xi= 

The gas pressure drop for one coil is 

G 2 
~p = f _&_ 

g g 2p 

where the friction factor is 

tr~nsverse tube spacing 
st d and is computed from 

0 
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The gas properties are given in Appendix Band the additional heat 

transfer due to radiation in the combustion chamber is covered in 

Appendix D. 

As the gas flows from station m to station m+l on the gas side of 

the tube wall, heat is transferred to the tube and the gas enthalpy 

drops. These variables are related by a gas-side steady-state energy 

equation: 

heat lost 
to ambient + heat transfer to tube= enthalpy drop of gas 

6 h g 

or 

This equation is solved for h which leads to T (Appendix B). 
gm+l gm+l 

3.6. Tube Temperature 

In a transient simulation the variation in energy storage in the 

tube metal must be considered. The applicable relation is Fourier's 

Conduction Equation in cylindrical coordinates. 

ar -= 
at 

2 
a U + aT 

ar2 r ar 
(3.21) 
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The method of solving this equation is independent of the solution to 

the PDE so it is given here. We write a Taylor series expansion for 

the side at point 1 of Fig. 3 .1. We solve this o2T sub-gas for - 2 and 
ar 

stitute in equation (3.21) to get: 

(3. 22) 

At the gas boundary where y is the convection coefficient the heat flux 

is 

q = k aT = y (T - Tl)+ q ar g g r 

where q is the radiation flux. Define c1 = l + 6r . r 2r1 

aT Solve this equation for ar and substitute in equation (3.22) 

aT -= at 

or in finite difference form 

(3.23) 

At point 2 the conduction law becomes 

(3.24) 
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FIG. 3.1 NOMENCLATURE FOR ANALYSIS OF BOILER 
TUBE IN RADIAL DIRECTION. 

I 
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Finally, on the steam side we employ the same method as used on the 

gas side with the Taylor Series expansion now at point 3 to get 

T' - T 3 3 T ] s (3.25) 

tr Where c4 = 1 - 2r 3 and primes indicate the new values and unprimed the 

old or former value. The last three equations may be put in matrix 

form and solved by determinants for the three unknowns Ti, r2, and T3. 

These are the new tube temperatures and are evaluated at the center of 

each coil segment. Thus a boiler with n segments has n sets of three 

tube temperatures but it has n+l sets of steam and gas properties. 



IV. METHOD OF SOLUTION 

The general relations in the last chapter are a set of non-linear 

partial differential equations (PDE) with variable coefficients. This 

complexity makes an analytical solution highly unlikely and we turn 

immediately to some method of approximation. Analog solutions of PDE 

are possible by lumping the variables in the space direction but a 

large facility is needed, hence we explore the possibilities of a 

digital simulation. 

With reference to Fig. 5.1 (page 41), early in this research it 

was decided to let each spiral coil be represented by a single step in 

the space direction and to divide the helical coil into steps of 

approximately the same length. Following this philosophy the boiler of 

interest has 240 feet of tubing divided into only 17 segments. This 

mode of sub-division is convenient since all discontinuities in tube 

size and gas temperature occur between coils and a small number of 

steps leads to a more rapid solution. It is also realized that large 

step size leads to larger truncation errors. 

4.1. Digital Simulation Considerations 

A digital solution of PDE usually involves putting the equations 

in finite difference form. The result is a large set of quasi-linear 

equations hence the numerical solution of PDE is dependent on the 

solving of a matrix equation. Even before the finite difference 

equations (FDE) are written, some methods of solution may be considered. 

28 
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A matrix equation may be solved by simple Jacobi iteration (37) pro-

vided the absolute value of all the eigenvalues of the coefficient 

matrix is less than 1.0. In essence, this requires diagonal dominance. 

This iterative method was discarded since the coefficients may vary by 

three orders of magnitude and thus convergence would be difficult to 

assure. It should be added here that the convergence of several other 

methods to be considered may be calculated based on eigenvalues but 

none of these methods have been employed since it is as easy to program 

the method itself and test it as it is to compute the eigenvalues for 

all possible conditions. Another method is to individually solve each 

set of equations. The FDE for each of the general equations form a 

matrix equation with a tri-diagonal coefficient matrix. For this 

particular situation the equations may be quickly solved using the 

Thomas alogrithm (38). This method has been successfully applied to 

3-D boundary layers (39) and would probably serve for the present work. 

However, the separate solution of each conservation law means that the 

interaction between the laws is entirely dependent on iteration. In a 

boiler under some transient conditions this interaction is strong, 

hence we wish to calculate it as directly as possible. From this we 

conclude that the most direct method involves solving all three sets of 

equations simultaneously. 

4.2. Steady Boiler Performance (SBP) 

The first use made of the mathematical model was to neglect the 

time derivatives and solve the remaining ODE in order to evaluate 
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steady state performance. The SBP program has proven extremely useful 

since it is fast enough to permit parametric studies of boiler design 

and operating conditions and provides initial conditions for starti~g 

the Transient Boiler Performance (TBP) program. 

Furthermore, it may be used to test TBP since the latter will 

eventually reach a steady operating state if all boundary conditions 

remain unperturbed. Though both simulations start from the same 

mathematical model, the method of solution is entirely different. To 

determine the steady performance of a given boiler SBP requires the 

economizer temperature, TSECON, the superheater outlet temperature, 

TBO, and the outlet pressure PBO. Then for a given steam rate, WDS, 

the program iterates on the gas flow rate, WDG, until the exit tempera-

ture is within a fraction of a degree of the specified value. Thus 

a "shooting" method is used to solve this two-point boundary value 

problem. The solution time is about 10 sec. per case compared with 20 

min. for TBP. 

4.3. Transient Superheater 

In order to expedite programming and reduce computer time, the 

preliminary testing of methods of solution was done on a simplified 

model in which the ideal gas assumption was made on both sides of 

the tube wall and the pressure drop and heat transfer coefficients 

were constant. 

The first method actually programmed was the Lax-Wendroff 

technique for solving the PDE in conservation form (38). 
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This is an explicit approach, i.e., the state at the next time 

point is expressed as an explicit function of the (known) state at the 

last time point so the FDE do not need to be solved simultaneously. 

This means the computation is simpler but the accompanying penalty is 

excessive computer time. This slow solution is caused by the small 

time step 6t which must be used to avoid computational instability. 

This penalty is severe--the time increasing by a factor of 10 or more 

for the cases examined. For this reason explicit methods of all kinds 

were dropped. 

The second class of FDE are called implicit since the state at 

the next time point is dependent upon the forward (unknown) state of 

neighboring points as well as the previous state. Thus the equations 

are interdependent and must be solved simultaneously. Gary (40) offers 

some schemes which he calls implicit but stability conditions involving 

eigenvalues are imposed which is undesirable as has been explained. 

The first of Gary's methods is unconditionally stable but requires 

constant mesh size ~x which violates the ground rule given at the 

beginning of this chapter. He does make an interesting observation 

relative to the solution of the first order hydrodynamic flow equations 

for a polytropic gas. It appears that for this case with its variable 

coefficients, " ... the specification of all dependent variables at both 

boundary poi.nts seemed to cause no trouble in our computations." 

Thus it appears that in some instances the boundary conditions can be 

over-specified with i.mpunity. Gourlay and Morris (41) suggest improve-

ments to Gary's method but a block tri-diagonal matrix must be inverted 
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and the step size question remains. The above methods were put aside 

in favor of the directly applicable approach presented by von Rosenberg 

(42). He combines the three sets of PDE into one large set having a 

tri-tridiagonal matrix. This matrix has a diagonal band 9 entries wide 

which can be solved using an algorithm introduced by Douglas. This 

technique was programmed, worked well on the transient superheater, 

and has been the mainstay of the steam work. 

4.4. Steam Simulation (TBP)--New Problems 

At this point in the proceedings it appears advisable to take a 

closer look at the PDE (equation (3.7) to equation (3.9)) which we are 

trying to solve. The first problem is that we have three differential 

equations and the four unknowns (v, u, p. h). One approach to this 

problem is to solve the PDE for 3 unknowns and then numerically cal-

culate the derivatives involving the 4th unknown from the state 

equation data (steam tables). This notoriously noisy process was 

attempted for the~ term but the solution was not stable. A more 

promising scheme is to use the equation of state to remove one of the 

dependent variables from the PDE. 

We note that the velocity, u, is a transport or momentum variable, 

not a thermodynamic variable, hence it cannot be expressed in a state 

equation as a function of the others. Thus we conclude that u must be 

one of the variables retained. Since the energy equation is dominant 

in this application it seems prudent to calculate its prime variable h 

directly rather than through linear approximations. The independent 
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variables in the steam tables are p and/or Tso to retain one of them 

makes the steam table work easier, i.e., we have a simpler implicit 

relation to solve by iteration. However, T would not be satisfactory 

since h c Tin the superheat region thus hand T would not be p 

independent there. 

These arguments point to the retention of (u, p, h) as the 

dependent variables in the general laws. This means that v must be 

eliminated from the mass equation. We may write 

so 

and 

V = f (p, h) 

av = av E.E_ + av ah 
ax ap h ax ah Pax 

substituting these in the mass equation, equation (3.7) gives 

av I -2.£. + u ..2£. + av ah + u ah - V au - O, 
ap hat ax ah Pat ax ax 

(4.1) 

av av The determination of the derivatives a and ah is elementary for 
p h p 

the magic world of the ideal gas where pv = RT and h = c T. But for p 

steam the problem is more involved as can be seen from the work in 

Appendix C, 
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4.5. Boundary Conditions 

In an automotive boiler we are likely to know and/or control the 

water temperature and flow rate entering the boiler and the pressure 

leaving it. Thus for a boiler with n coils the boundary conditions 

(BC) are u1 , h1 and Pn+l since the steam stations along the tube are 

numbered from the entrance. Now to use von Rosenberg's scheme, at a 

given station the subscript for a variable whose BC is at the exit 

must be one more than the subscript for a variable whose BC is at the 

entrance. Thus the subscripts for u and h range from 1 to n+l while 

those for p range from 2 to n+2 as shown in Fig. 4.1. The BC for the 

gas temperature is T which is the combustion chamber temperature 
gl 

(Appendix B). 

4.6. Finite Difference Equations (FDE) 

We note that all derivatives will be approximated by four numbers 

representing the station number at each end of the coil and the next 

(primed) and last (unprimed) point in time as depicted on the time-

space plot in Fig. 4.2. The mean of these four numbers is, e.g., p. 

The FOE corresponding to equation (4.1), (3.8) and (3.9) are: 

av 
oh p 

P~+l + Pi+l - Pl - pi]+ 
21:,x 

h~ + hi - h~-1 - hi-1 
2~t ] 
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and 

' + ' - - u ' + - ' - ui-1 ui-1 ui ui-1 i +u 
ui ui ui-1 

2At 2Ax 

' + Pi+l - p' - p - apf 
+v Pi+l i i 

2Ax ""V --ax 

and 

6t -We multiply through by 2At, define a= Ax' b = 1 + au, c = 1 - au, 

collect terms and put all the new variables on the left hand side (LHS) 

- I - avu' + av cp' + av b ' + av h I + avl bh' avui-1 i clp h i clp h Pi+l ah pc i-1 ah p i 

(4. 2) 

and 

- apf + 26tv - (4.3) ax 
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and 

(4.4) 

Equations (4.2) through (4.4) are now written for each coil to give a 

set of 3(n+l) simultaneous equations which are readily solved using 

the Douglas algorithm given by von Rosenberg. 

Since the general equations have variable coefficients, the 

program iterates once to update them and increase accuracy. It was 

found that 2 or 3 iterations did not alter the results appreciably. 

4.7. Simplified Solutions 

In an effort to reduce computer time some less complex models have 

been examined. A 2-equation version (Program No. 2) solves the momentum 

and energy equations simultaneously for p and h but the derivatives 

in u and v are evaluated numerically. This numerical differentiation 

of computer data is such a noisy process that arbitrary limits had to 

be placed on the derivatives to obtain a solution. These limits 

restrict the simulation's ability to follow a rapid transient. 

A one-equation version (Program No. 1) solves only the energy 

equation in transient form. The time derivatives in the other equations 

are neglected entirely, hence there is no numerical differentiation. 
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Results from these three programs are compared in Chapter VI where it 

is shown that large differences are obtained, hence only the more 

complete and accurate 3-equation version (Program No. 3) is discussed 

in detail. 

• 



V. EXPERIMENTAL APPARATUS 

Some preliminary experimental data to validate the computer simu-

lation were obtained with the apparatus briefly described below. 

5.1. Boiler 

The boiler consists of an oil-fired combustion chamber within a 

closely wound helical coil of 0.5-in. dia type 321 stainless steel 

tubing, (Fig. 5.1). Hot gases leaving the chamber pass through 10 

loosely wound spiral coils of tubing to the exit flue. Feed water 

enters the coil nearest the flue and passes from coil to coil until 

it emerges from the combustion chamber end as superheated steam. 

Thus the steam passes only once through a single tube 240-ft long. 

The completed boiler was hydraulically tested to 2400-psi which was 

the limit of the available pump. 

These coils are enclosed in a casing of 0.037-in. 321 stainless 

sheet and 1.0-in. of insulation (Behr-Manning 1800 F mineral board). 

5.2. Burner 

The burner mixes fuel and air in a central flame tube within the 

spiral coils and blows this burning mass into a stainless can which 

serves as a liner in the combustion chamber. This liner protects the 

tubes from direct flame impingement and turns the gases 180° to flow 

back through the spiral coils to the flue. A 1.0-hp, 1.0-psi blower 

was used to force air through a 1-3/4-in. S.U. carburetor with a 

40 
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balanced float bowl but this carburetor burner was abandoned since the 

maximum steam rate was only 100 lbm/hr. 

The second burner was an experimental air-atomizing type with an 

offset (tangential) entrance which gave the air in the 3-in. dia flame 

tube a swirling motion. A spoiler in the inlet permitted control of 

the swirl rate. A cross shaft upstream of the spoiler carried a butter-

fly valve to control air flow rate and a cam to operate a needle valve 

which controlled fuel flow rate. Vernier control of the needle valve 

permitted small corrections to be made to the A/F ratio. 

The boiler feed pump was a 1000-psi, 5-gpm triplex made by Cat 

Pumps and was driven through a variable ratio V-belt drive by a 2-hp 

motor. 

5.3. Instruments 

Boiler inlet and outlet pressures were measured with a 1500-psi 

bourdon tube gage with switching valves. Water inlet, steam outlet 

and flue gas temperatures were determined with thermocouples and a 

direct reading galvanometer with an automatic compensator for varying 

ambient temperatures. An ASME orHice with a water manometer gave the 

air flow rate and a stop watch in conjunction with a 300-cc bulb gave 

the flow rate of #2 fuel oil. The gas pressure drop across the spiral 

coils was measured with a water manometer. Water flow rate was 

measured with a tapered tube flow meter. 

Figure 5.2 shows the layout of the apparatus. Tha boiler is the 

large 14-in. dia x 26-in. long cylinder on the lower shelf of the 



Fig. 5.2 Experimental apparatus - stack side 
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24 x 42-in. cart. It discharges flue gas and steam horizontally to 

the 24-in. dia stack on the left edge of the figure. The boiler feed 

pump with its large 19-in. dia V-pulley is mounted on the left-most 

corner of the upper shelf of the cart. This pulley partly obscures 

the blower, though the 3-in. dia flexible air hose leading to the 

burner is easily seen. The fuel supply system is also mounted on the 

upper shelf. It consists of a 5-gal fuel can on a scale, a glass 

measuring bulb mounted in the large, white vertical column in the 

upper right, a Bendix electric fuel pump on the right-most corner, and 

a fuel filter on the nearest corner. The control panel in the upper 

left is not part of this apparatus. 

Figure 5.3 is a view of the apparatus from the opposite side. 

On the right side is seen the blower, the air flow orifice and inlet 

tube passing out of the picture at right center and the stack behind 

the blower. On the upper shelf of the cart on the left side of the 

photograph is seen the pump, its motor, and the variable speed drive 

between them. On the instrument panel in the lower left a rectangular 

temperature gage, 6-in. dia pressure gage and the tapered tube flow 

meters can be seen. Switches, steam throttle, and water bypass valve 

are also located on this panel. 

With the exception of the low combustion efficiency discussed in 

Chapter VI this experimental rig operated without failure or other 

difficulty for about 30 hours. 



Fig. 5,3 Experimental Apparatus - instrument side 



VI. RESULTS AND DISCUSSION 

The mathematical model of a monotube boiler given in Chapter III 

has been programmed in Fortran using the method of solution developed 

in Chapter IV. Some of the attendant birth pangs are described in the 

present chapter before giving some of the results from the final pro-

gram. 

6.1. Simulation Development 

Implicit FDE solutions are usually considered to be stable but 

time step size is limited by truncation errors. Throughout this 

research effort the largest allowable time increment, 6t, has been 

employed. While this increases the truncation, i.e., the error resulting 

from approximating a curve with a straight line, a large 6t reduces the 

computer time. This advantage not only reduces the cost of research 

but permitted the program to be run on occasions when a longer job 

time would have caused the job to be shunted aside into a standby status. 

In order to further reduce computation time a variable step size 

has been adopted. Unlike the predictor-corrector techniques used to 

solve ODE, the FDE employed here are based on the state of the system 

at the last time point but not on the state previous to the last point. 

This means that no special methods are required to "start" the solution 

hence there is no penalty attached to varying the increment at every 

step if desired. From the several methods that were considered for 

estimating the new step size, 6t~ the following was chosen: 

46 
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6t 
= 0.90 + C x R + 6tmin 

where 6t is the previous step size and R is the average relative change 

of specific volume and enthalpy during the last step and is given by 

R = { nil 
i=l 

n+l 
+ 1 

i=l 
1 

2(n+l) 

and the constant C governs the step size used and is usually chosen to 

be about 500 in order to eliminate spurious fluctuations in outlet 

temperature due to excessive truncation error. The minimum time, 6t i, m n 

prevents 6t from falling below some minimum value, usually 0.001 sec. 

It can be seen that if there is a large change of state during the 

last step then R will be large and 6t will be reduced relative to the 

last value. 

The most vexing problem of this research was caused by the partial 

derivatives used to introduce the equation of state directly into the 

governing equations (Sec. 4.4). The difficulty arises because these 

derivatives are discontinuous at the saturation lines. The worst 

offender is :~1p which can change by a factor of 1000 at the saturated 

liquid line. A step function of this magnitude simply cannot be 

successfully accommodated by a digital computer so a means was sought 

to ease the transition over the saturation lines. The method adopted 

rests on the key observation that the enthalpy increases with distance 

along the boiler tube in a smooth, gradual manner even at saturation. 

If we assume a linear variation in enthalpy in a tube section then the 

length fraction, F, at which evaporation starts is 
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F = 
h - h out sat 
h - h out in 

This fraction is then used to calculate the weighted average derivative 

in the same manner that steam quality is used to calculate other 

thermodynamic properties within the two phase region. The relation 

used is 

An analogous expression 

techniques for crossing 

p 
+ (1 - F) ah 

is used for av! . Far more sophisticated 
ap h 

saturation have been tested without any success. 

6.2. Comparison of Steady and Transient Programs 

As a first step in checking out TBP it was run for 120 sec without 

changing any boundary condition. For the boiler modeled herein this 

represented approximately an equilibrium state. This steady state was 

then compared with that predicted by SBP. For the test case of 300 

lbm/hr of 400 psia steam from 130 F feedwater, the exit enthalpies 

differed by 26 B/lbm even though the Air/Fuel flow rates were the same. 

This large difference was caused by the omission of the viscous 

dissipation term in the energy equation in the SBP program. This 

experience inadvertently pointed out that the viscous term cannot be 

ignored in an accurate simulation. When it was added, the programs 

differed by less than 4 B/lbm in exit enthalpy and 4 psi in inlet 



49 

pressure which is judged a reasonable discrepancy in view of the 

variation between the methods of solving the difference equations. 

The simplified one- and two-equation versions of the transient 

model were also within the same bounds. 

This close agreement of four programs using distinctly different 

methods of solution gave confidence that the mathematical model was 

being exercised correctly. 

6.3. Response to Step Inputs 

In order to build confidence in this simulation it is necessary 

that it compare favorably with experimental data. Unfortunately, no 

really detailed description of a monotube boiler and its test results 

has been found in the literature. Empirical data are available but the 

thorough description of the boiler that is needed for this simulation 

has not been included. For this reason only qualitative comparisons 

are offered in this section. 

All the transient runs reported here started with the boiler 

delivering steam under steady conditions. The first set of runs com-

pares the response of the 17-coil automotive boiler of interest to a 

10% increase in input water flow rate. The resulting change in outlet 

enthalpy as predicted by the three transient programs is given in 

Fig. 6.1. We immediately note the large differences among the curves. 

Some differences in results are to be expected in view of the 

differences in the programs that produced them (Sec. 4.7) but this 

comparison gives the first evidence of the large magnitude of the 
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variations. Program No. 3 is the most complete so it is expected to 

give the most accurate results. For this reason the simple programs 

have been de-emphasized and will not receive much attention in the 

remainder of this work. 

As a result of a step increase in water rate, the exit enthalpy 

falls in a curve that could be crudely approximated by a pure delay 

of about 15-sec followed by an exponential decay as used by Peoples 

(25). 

The effects of changes in water and fuel flow rates are compared 

in Fig. 6.2. It is seen that a 20% step decrease in fuel flow causes 

a slower fall in boiler outlet temperature TBO than a 20% increased 

water flow. This result is initially surprising in view of the fact 

that cutting the fire completely on the test rig caused the pressure 

to plummet from 800 to 600-psi in only 5.5-sec. The explanation of 

these diverse results lies in the difference in boundary conditions. 

The experj_mental boiler was discharging through a choked throttle 

valve of constant flow area while the simulation results in Fig. 6.2 

(and Fig. 6.1) pertain to a constant discharge pressure, PBO. 

If PBO is held constant a decrease in fuel flow causes a large 

decrease in flow rate, WDS. This temporary reduction in WDS is 

accompanied by a draining of the stored energy in the tube wall which 

maintains the high temperature steam flow for a longer period of time 

since there are fewer lbm of steam per sec to convect the energy away. 

The lower WDS also explains the 5 F temperature in the first few 

seconds after the step. When the water feed rate increases, the flow 
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does not decrease at any point in the boiler. The higher flow increases 

the heat transfer from the tube wall. It also increases the friction 

pressure drop through the tube with the result that the pressure, and 

hence, temperature in the boiling region, increase. This increased 

heat transfer and saturation temperature combine to raise the steam 

temperature 2 F about 5-sec after the step increase in water flow. 

Thus the transients in Fig. 6.2 appear reasonable if one accounts for 

the constant pressure boundary condition. 

As the next step in exercising the TBP simulation a choked flow 

outlet condition was imposed. This requires an equation relating the 

area of the throttle valve, A, to the thermodynamic variables p, v, 
V 

and T which are found in the tube just upstream of the nozzle or valve. 

Since we are only interested in superheated steam the ideal gas assump-

tion can be made and the mass flow mis 

m = 
p A 

V f (y ,R) 

where f(y,R) is primarily a function of the fluid and is considered 

constant. From continuity we may also write the mass flow in terms of 

tube area, At, and steam velocity in the tube u 

u A t m= 
V 

Equating these expressions gives 

C U Z 
p = v (A /A) 

V t 
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This equation permits determination of the outlet pressure boundary 

condition for choked flow as a function of the outlet velocity, 

specific volume and the relative throttle valve area ratio A /A. 
V t 

Figure 6.3 gives the variation in outlet temperature for a step 

change in feed water flow rate when a choked exit is used. (Note that 

Fig. 6.2 and Fig. 6.3 are not comparable since the boiler simulated had 

different initial and boundary conditions). We note that the tempera-

ture reaches a minimum at 120 sec and then slowly rises. This is 

caused by a transient flow rate which exceeds the inlet rate in most 

segments of the boiler from 80 sec on. This excessive flow reduces 

TBO in the 80-120 sec period but as this excess decreases and an 

equilibrium flow is approached TB0 begins to rise toward its steady 

value (Fig. 6.4). 

6.4. Response to a Sinusoidal Input 

The frequency-response of a system is determined by subjecting it 

to sinusoidal input perturbations of varying frequency and observing 

the resulting output amplitude and phase change. As a check on the 

simulation's ability to handle these repetitive disturbances it was 

programmed for a sinusoidal variation in inlet water flow. Hess and 

co-workers (23) have found that if the amplitude cf the perturbations 

is limited to 6% of the mean value a monotube boiler has a linear 

response. This means that an input signal is reproduced as an un-

distorted output. Thus we could expect a linear boiler to give a 

sinusoidal output if perturbed by a sinusoidal input. To be specific, 
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Hess found that his test boiler gave a sinusoidal variation in boiler 

outlet temperature TBO in response to a sinusoidal variation of inlet 

water flow. This same situation was tested on TBP with the results 

given in Fig. 6.5. The boiler was operating under steady conditions 

until the perturbation was started at 20 sec. We observe that after 

about three cycles (180 sec) TB0 has settled down to what appears to 

be a sine wave. Since TB0 falls when WDS increases, a comparison of 

the TB0 and WDS curves shows that the temperature is lagging the 

driving function by 39 sec or 234°. The amplitude of the TB0 variation 

is about 10 F while a 6% change in water flow would cause a steady 

state change of 50 F. Thus the amplitude ratio is about 0.2 so 

operation is stable at this frequency and probably would be at the 

critical frequency which gives a phase lag of 180°. It is worth 

noting that Hess never found a resonant frequency at which the boiler 

was unstable, i.e., the amplitude ratio greater than 1.0. 

From the data in Fig. 6.5 it is concluded that TBP is capable of 

simulating a boiler subjected to sinusoidal inputs. 

6.5. Comparison with Steady Experimental Data 

The aforementioned paucity of complete test data on small monotube 

boilers prompted the building of the unit described in the last chapter. 

This boiler has undergone preliminary testing and the results will be 

compared with those predicted by the simulation. 

Boiler efficiency is a funnamental measure of steam generator 

performance. It is the ratio of the thermal energy actually received 
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by the steam to the chemical energy available in the fuel and may be 

computed from 

This efficiency is plotted in Fig. 6.6 for the 13 data points available. 

The variation of nb at a given steam rate is largely a result of varying 

steam conditions between points. However, the extremely peaked shape 

of the overall curve demands further investigation. A boiler effi-

ciency of 75% at 250 lbm/hr was expected for this design (with its 

small number (10) of widely spaced coils) but the rapid deterioration 

in performance at steam rates on both sides of this maximum was dis-

appointing. The difference between predicted and measured efficiency 

is given in Fig. 6.7. For steam rates in the 200-300 lbm/hr range, 

the difference is small (about 2%) for most points. At higher rates 

the difference of about 10% may be explained by incomplete combustion. 

When the nozzle and flame tube were tested outside the boiler, drops 

of liquid fuel were observed falling from the end of the tube at high 

fuel rates. In the boiler this fuel would fall to the bottom of the 

casing, evaporate, and be blown out with the flue gas without burning 

at all. The thesis of incomplete combustion is further substantiated 

by the sooty appearance of the coils when they were examined after the 

test. Since the program assumes 100% combustion efficiency it naturally 

predicts higher nb than was measured. 

The main problem is explaining the drop in nb at low steam rates. 

This also could be explained by poor combustion but separate testing 
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of the burner gave no visual evidence of incomplete burning at low 

fuel rates. 

In order to shed further light on the problem an energy balance 

has been performed on the test results. We may say that the heat loss 

through the casing walls is the difference between the enthalpy lost 

by the gas and the enthalpy gained by steam. 

Q = liH - liH loss gas steam 

= m [HV - (h - h ) ] - m ti h 
g g gflue gambient 

dividing by the total heating value of the fuel 

HVf 
mf • HVf =mg· HVg = mg A/F + l 

gives 

Qloss 1 _ (~F + l) 
m • HV = g f 

m ti h s s 
mf HVf 

s s 

Defining the first term as the loss fraction QLOSSF and noting that the 

last term is the boiler efficiency we have 

QLOSSF = 1 - (½ + 1) 

which may be evaluated from test data. 

The heat transfer through the casing walls, the so-called "radiaticn 

loss," is calculated by the program. The resulting QLOSSF ranges from 

4.2% at minimum down to 1.9% at maximum load. These figures correlate 
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well with "radiation losses" from large boilers which have better 

insulation but more surface area per lbm of fuel burned. The difference 

between predicted and measured QLOSSF is plotted in Fig. 6.8. We note 

that this curve and that for boiler efficiency have the same shape. 

The minimum QLOSSF difference is in the 200-300 lbm/hr range. The 

large difference at higher loads may be explained by the low combustion 

efficiency already discussed. However, the maximum difference is at 

low loads--in fact for two cases the measured heat loss is greater than 

the predicted loss by an amount equal to over 20% of the heating value 

of the fuel! Another interpretation for these two points at low steam 

rates is that the actual heat loss is 6.8-8.5 times greater than the 

predicted value. But for the predicted values to be this much in 

error seems highly unlikely. In this heat transfer calculation the 

convective resistance on both sides is neglected since the insulation 

itself is the dominant resistance. Its thermal conductivity has been 

taken at 0.125 B/hr-ft-F which is on the high side even for an 1800°F 

mineral board, Thus it appears reasonable to expect the predicted heat 

loss to be high if anything. 

The discussion above suggests the proposition that the experiment 

itself is the prime source of error. The first possibility is faulty 

instrumentation and observation. It is true that unshielded thermo-

couples and a fluctuating flow meter will introduce errors so a simple 

error analysis is in order. Boiler efficiency is 
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logarithmic differentiation gives 

dnb d m d(h - h ) d mf d HVf 
--=--s+ s ,Q, 

- h - ---nb m h mf HVf s s ,Q, 

= 0 040 + 0.5(30) 1.0(30~ 0.5 200 
• 1200 1200 - 100 - 18200 

= 0.040 + 0.0125 - 0.025 - 0.005 - 0.0111 

where a 30°F temperature error has been assumed. The pressure error is 

far smaller (_ 5 psi) and has a smaller effect on enthalpy so it was 

ignored. The major uncertainty is in the water flow rate. Assuming 

a normal distribution of independent errors, the deviation in 

efficiency is 

1/2 
= (0.0402 + 0.01252 + 0.02502 + 0,0052 + 0.01112) 

= 0.0503 

dev nb = 0.0503 nb = 0.0503(0.75) 

= 0.038 

So the expected error in nb is less than 4% whereas the difference 

between prediction and experiment rises to 28% at the minimum steam 

rate so the explanation does not lie here. 

The other possibility is a malfunction of the equipment in some 

way. It was once proposed that the small fire at low load would reduce 

radiation in the combustion chamber. This would be an important 
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consideration at low load since under these conditions radiative heat 

transfer is 34% of the total while it is only 26% of the total at the 

highest load. However, if the radiation rate was down, less energy 

would be extracted from the gases and the flue temperature would be 

high. But the predicted and measured flue temperatures are in close 

agreement (+ 20°F) at low steam rates so this loss-of-radiation theory 

is unsupported. 

It is known that there was a pin-hole water leak between the 3/8 

and 1/2 in. tubes. This was only a few drops per minute initially and 

apparently had been plugged by small particles in the water by the time 

the final tests were run. A large water leak would have appeared as 

water dropping from the casing upon startup, i.e., before the boiler 

was hot enough to evaporate the leakage water into the gas stream. 

In its final form the boiler had no external fuel leaks of any 

kind. The only remaining explanation is that the burner suffered from 

an internal "leak" in that some fuel went through the boiler without 

burning at low steam rates as well as at high. This does not seem 

probable but is suggested as a last resort! 

One aspect of boiler performance which is not dependent on com-

bustion efficiency is the water pressure drop as it flows through the 

boiler and turns to superheated steam. The measured values are given 

in Fig. 6.9 and are observed to approximately follow a parabolic 

dependence on flow rate. The scatter is due to varying steam conditions 

and an oscillating pressure gage on the boiler feed side despite the 

use of a three-plunger pump with a gas-over-water accumulator to 
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reduce pulsations. The extremes of difference between predicted and 

measured values ranged from 10 to 58% with a mean of 30%. Thus it 

appears that the simple expression for pressure drop introduced in 

Sec. 3.4 would benefit from an increase in its coefficients. 



VII. CONCLUSIONS AND RECOMMENDATIONS 

The Transient Boiler Performance simulation h~s successfully 

passed the qualitative tests in the last chapter. It appears that the 

goal of developing a means of numerically testing control system 

algorithms has been reached. The simulation results do not agree well 

with the limited expe.rimental data available over the full range of 

flow rate. Mid-range results do agree well, thereby validating the 

mathematical model, and post-test examination of the apparatus suggests 

equipment rather than simulation problems caused variations at the 

ends of the flow rate range. However, there are several areas where 

improvements can and will be made. 

The mathematical model must be improved in the areas of steam 

properties and two-phase flow. At the earliest feasible date the ASME 

equations for thermodynamic and transport properties will be incorporated 

in the program. While the existing treatment of two-phase heat transfer 

and pressure drop leaves something to be desired, improvements in this 

area must await publication of a definitive analysis which pertains 

directly to a coil boiler. 

The major disappointment with the program itself is the computer 

time required. About 30 minutes is needed to simulate a 17-coil boiler 

operating for 3 mJnutes of boiler time. The removal of extra printout 

and part of the iteration loop, in conjunction with the use of an 

optimizing two-pass compiler (Fortran IV), is expected to increase 

speed of exflcution by a factor of two. 
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Burner modifications to improve combustion efficiency are underway. 

These, plus data recording equipment, will permit reliable experimental 

data to be obtained in order to verify the program empirically. 



VIII. SUMMARY 

A steam generating unit consisting of a single tube heated by com-

bustion gases has been modeled mathematically with emphasis on simulating 

non-steady behavior. The resulting digital computer program is parti-

cularly suited to predicting the response of automotive boilers to 

changes in operating conditions. 

The heart of the model is the set of conservation laws for mass, 

momentum and energy of the steam. These are augmented with empirical 

relations for heat transfer and pressure drop plus steam table data. 

Allowance is also made for gas convection and radiation, heat loss to 

ambient, and energy storage in the tube wall. The resulting set of 

three partial differential equations in four unknowns is solved by 

removing specific volume derivatives from the set through substitution 

of steam table data in differential form. The differential equations 

are put in finite difference form which yields a set of quasi-linear 

algebraic relations which are solved on a digital computer. The 

program's predictions of non-steady performance have been qualitatively 

compared with experimental results found in the literature. A 12-in. 

diameter test boiler has been constructed and preliminary steady-state 

data from it are compared with the simulation. 
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APPENDIX A 

THE DEPENDENCE OF ENGINE POWER ON CONDENSER TEMPERATURE 

If we neglect second order effects like boiler feed pump work, 

heat transfer in the cylinder and mechanical friction, the enthalpy 

increase of the steam in the boiler, AH, is: 
s 

6H = AH + AH 
S e C 

where AH and AH are the enthalpy drops in the engine and condenser. e C 

The efficiency is defined as: 

AH 
BTE = e 

AH s 

and an energy balance on the condenser gives 

AH = UA (TCOND - TAMB) 
C 

where UA is the product of condenser area and overall heat transfer 

coefficient and is assumed constant. These three equations may be 

combined: 

t.H e 

AH e = --

= 

t.H 
C 

BTE 
1-BTE 

t.H 
C 

UA(TCOND - TAMB) 

From this relation we could conclude that the engine power, which 

is proportional to AH, increases with increasing condenser temperature e 
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TCOND. However, we know from both cycle analyses and test data that 

the brake thermal efficiency BTE will decrease with increasing TCOND 

with a resulting reduction in AH. Thus TCOND has opposing influences e 
on the two factors which determine engine power. At extremes of TCOND 

either BTE or (TCOND - TAMB) go to zero hence AH is zero. Since AH e e 
is not zero for normal TCOND we know that for a given powerplant and 

operating conditions there is a TCOND that will maximize engine power. 

This result is shown in Fig. 1.2. 



APPENDIX B 

COMBUSTION GAS PROPERTIES 

The fuel employed is diesel oil which may be approximated by the 

formula c12 H26 having a lower heating value LHV = 18,200 B/lbm fuel 

(43). To assure complete combustion 10% excess air is used (44). 

Normal air may be taken to be o2 and N2 in the ratio 1:3.76 by volume. 

The ideal combustion reaction is then: 

+ 18 .5 O 
10 2 

For which the formula weights are: 

170.2 + 2792 + 528.0 + 234.2 + 2142 + 59.2 

2792 The air fuel ratio is A/F = 170 _2 = 16.40 

If ambient air is at 85F and 70% relative humidity the absolute 

humidity is 124 grains H20/lbm dry air thus for one lbm--mole of fuel 

we induct 

lbm dry air 124 lbm H20 
2792 mole fuel X 7000 lbm dry air 

lbm H20 inducted 
= 49 •5 mole fuel 

so the total mass of water in the flue gas is 

234.2 + 49.5 
lbm H20 

= 283 •7 mole fuel 
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and the total mass of gas is 

528.0 + 283.7 + 2142 + 59.2 

thus the mass fractions are: 

79 

= 3013 lbm flue gas 
lbm mole fuel 

fi 

02 0.0196 

N2 . 7115 

H20 .0942 

CO2 .1752 

The specific heat may be calculated from 

n 
C = l f C 

p i=l i Pi 

and the enthalpy from 

(Ref. 45) 

where the constituent data come from (46). 

Thermal Conductivity and Viscosity 

Conductivity k is for fuel oil with 15% excess air (data for 10% 

excess air was not found). 

Viscosity is for "average flue gas'' (47). 
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T, °F 0 500 1000 1500 2000 2500 3000 

k B 
'hr-ft-F .0220 .0290 .0360 .0430 .0490 

lbm .0365 .0630 .0830 .1010 .1168 .1309 .1420 µ, ft hr 

Gas Constant 

= 1545 (0.0196 + 0.7115 + 0.0942 + 0.1752) 
32 28.016 18.016 44.01 

These properties are plotted in Fig. B-1 and Fig. B-2. To 

facilitate adaptation to the computer these curves have been fitted 

with polynomials which are given below with their maximum error. 

h = 0.1129033(10) 3 + 0.2652727 T + 0.1390926(10)-4 T2 

residual 3.4 B/lbm 

T = -0.4143591(10) 3 + 0.3769359(10) 1 h-0.4481329(10)-3 h2 

residual 16.4 °F 

c = 0.2550812 + 0.4023570(10)-4 T - 0.9408869(10)-g T2 
p 

- 0.8431375(10)-12 r3 , B/lbm F, error= 0.8% 

µ = 0. 3632385 (10) + 0. 543 9683 (10) - 4 T - 0. 8065211 (10) - 8 T2 

+ 0.5337830(10)-12 T3, lbm/ft-hr, error= 2.2% 

Pr2/ 3 = 0.7882808 + 0.2263911(10)-3 T - 0.1580168(10)-6 T2 

+ 0.5023598(10)-lO T3 - 0.5769971(10)-14 T4 , error 0.9%. 
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Adiabatic gas enthalpy and flame temperature 

The heating value of the flue gas is 

HVG • 18200 B/lbm gas A/F + l 

The gas enthalpy after adiabatic combustion is 

h b + HVG am 

(B.l) 

(B.2) 

To relate the enthalpy of the gas leaving the combustion chamber h to cc 
the gas temperature T we use two linear approximations. In the 1600-cc 
3200 F range Fig. B.l may be used to derive 

h = 34 + 0.336 T cc cc (B.3) 

and from Fig. D.2 we obtain the radiant heat flux as 

q =6900 + 6.2 T r cc (B.4) 

We may also write the energy balance 

heat radiated from combustion chamber= enthalpy drop of gas 

or 

q A = m (h - h ) r r g ad cc (B.5) 

Substituting (B.3) and (B.4) in (B.5) and solving for Tee gives 

A 
h d - 34 + 6900 _!_ a m T = 

cc ----------A (B.6) 
0.336 + 6.2 r 

m g 
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For a given boiler and operating condition A, m, T band A/F r g am 
are known. The computer uses equations (B.l), (B.2) and (B.6) to 

calculate T cc 



APPENDIX C 

STEAM PROPERTIES 

The thermodynamic properties of steam are curve fits (48,49) to 

Kennan and Keyes (50). These were chosen in preference to the equations 

given in the 1967 ASME Steam Tables because they were simpler and 

therefore less demanding of computer time. These two sources have been 

compared with the result that the maximum error in enthalpy is 2.0 

Btu/lbm in the pressure range 400-1600 psi and the temperature range 

from saturation to 1200 F. This difference does not significantly 

change the results given. In any case, the ASME tables can be pro-

graillllled and substituted if desired. 

Viscosity, conductivity and Prandtl number have been approximated 

with simple curve fits with an error generally within 5% but as high 

as 37% for one point on the saturated vapor line. These relations are 

presented below but it is recommended that the ASME equations be used 

for far greater accuracy at a modest increase in complexity. 

1 =--------0.00833 T - 0.225 

µv = 0.122 - (5.54(10)-5 - l,96(10)-9p)(1885 - T) 
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+ 3.817 
T - 0.246 p 

P = 0.523 - 5.079(10)-5 p + 1.585(10)-4T r 
V 

214 
+ T - 0.246 p 

where the units are the same as for the gas properties. 

The specific volume derivatives and are needed in order 
ohlP oplh 

to introduce the equation of state into the continuity equation. They 

cannot be evaluated directly from steam tables but we can calculate 

them indirectly. In the one-phase region we may write 

V = f(p,T) 

h = f(p,T) 

or taking total differentials 

dv = av dp + av dT 
ap T aT P 

dh = chi d + chi dT ap T P aT P 

For dp = 0 we divide (C.l) by (C.2) to get 

av 
avl aT 

= 
ah ah p oT p 

(C .1) 

(C. 2) 

(C.3) 
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We can also set dh = 0, solve (C.2) for dT, and substitute it in (C.l) 

to obtain 

ah 
clp T 

or after substituting (C.3) 

(C.4) 

For the two-phase region we write 

taking total derivatives 

dv 
But vg' vf, hg, hf are functions of pressure only so dvg = dp, 

etc. Substituting these relations gives 

dv dvf 
dv = [ X ___a + (1-x) -] dp + [vg - vf] dx dp dp (C.5) 

dh dhf 
dh-= [x _g_ + (1-x) -] dp + [hg - hf] dx dp dp (C. 6) 

For dp = 0 divide (C.5) by (C.6) to get 



APPENDIX D 

RADIATION FROM COMBUSTION CHAMBER 

The determination of radiation from flames in largely empirical. 

The major uncertainty is the flame intensity where we are concerned 

not only with flame size, temperature and overall composition but with 

the detailed specification of the size spectrum of the solid particles 

which make the flame luminous. We start with some overall correlations. 

Orrok-Hudson (51) 

This correlation was probably based on data from large coal 

furnaces. 

qradiation [ -=1 
qtotal released 

+ A/F 
27 

\//m 1 1 bm/hr]-l _c_o_a_, ___ _ 
A ft radiation, 

For coal with a heating value HV = 11,600 B/lbm and air fuel ratio 

A/F = 11.0 

+ 11 
27 

vq ,1000 =i-1 

1i600/100~ 

Combustion Engineering (52) 

1 = -------------
1 + 0.1195-yqt' kB/hr-ftZ 

This data is for large furnaces with clean water walls (slag-free 

water tubes facing the furnace). 

The two sources above give the data plotted in Fig. D-1. 
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Combustion Chamber Temperature From Radiation Laws 

From a heat balance 

qtotal = qout + qradiated 

where q tis the heat flux leaving the combustion chamber (cc) by 
OU 

convection. If there are no significant temperature gradients in the 

cc itself (probably a good assumption in flame proper, i.e., away from 

walls) the above equation may be written 

h - h cc amb 
HVG 

In this way the radiation fraction qr/qt may be related to the flame 

temperature T cc For T = 2000 F we get, e.g., cc 

l _ 700 - 134 = 0.490 
1110 

Radiation from Non-luminous Gases - From Jakob (53) 

Water and carbon dioxide are the only constituents in the flue gas 

which radiate significantly. For a given total pressure of one 

atmosphere the emissivity E and absorbitivity a depend on the gas 

temperature T, partial pressure P and mean beam length L (a character-g p 

istic size of the combustion chamber). 

For a cylinder of equal length and diameter L = 0.6D so for the 

12 in. boiler we estimate: 

L = 0.6 n;L 11+15 = 0.6 2(12) = 0.65 ft. 
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For the combustion of c12H26 with 10% excess air, the partial pressures 

are: 

p = 
moles CO2 

(PTOT) 
12 (1 atm) 0.116 atm = = 

C total moles 103.35 

The 

p 
mole H20 

(PTOT) 
12 = = w total mole 103.35 

pressure-length product is 

PL= 0.65 (0.116) = 0.0754 atm-ft 
C 

PL= 0.65 (0.126) = 0.0819 atm-ft w 

(1) = 0.126 atm 

use 0.08 atm 
line on 
charts in Jacob 

The gas emissivity decreases with temperature since the density is 

reduced. 

For CO2 at PT= 1 atm the correction factor for CO2 is Cc= 1.0 and 
1 1 for water with 2 (pT + pw) = 2 (1.0 + 0.126) + 0.563 atm 

The correction factor c = 1.09 w 

When both gases are present the total emissivity must be reduced. 

0.126 =-----0.116+0.126 = 0.52, 6s = O. 

So the total gas emissivity is 

£ = £ C + £ C - 6£ g C C W W 

= e: + 1. 09 e: 
C W 

Now we consider the gas absorbtivity a g 
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For T /T > 1.25 we can approximate a within 10% with g t g 

where the emissivities are evaluated at Tt. 

Thus the net radiative transfer flux is 

q = E cr(E T 4 - ET 4) e g g t t 

Since the tube surface temperature Tt is a maximum of only 80 F 

above the steam temperature (SBP results) we neglect the heat flux 

radiated back from the tube leaving 

From the data plotted in Jakob we calculate the gas emissivity 

the radiation flux q, and plot them in Fig. D.2. r 

E ' g 

We note that q varies more slowly than T 4 since Eg falls with r g 
temperature--in fact qr is linear with Tg for 1600 F < Tg < 3200 F. 

The 12 in. boiler under consideration has a certain radiation surface 

based on the area of a cylinder that would just fit in the combustion 

chamber. However, the effective surface is larger by a factor of 

about 1.4 due to the curvature or corrugations of the cc wall formed 

by the round tubes. 

This heat radiated from non-luminous gases represents the lower 

limit of heat transferred from the combustion chamber. In reality 

an atomized oil flame is highly luminous which increases the heat flux 
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"often by more than 100%", Jakob. McAdams (51) quotes instances where 

luminosity increased the heat flux by a factor of 3 (natural gas) or 4 

(acetylene). The non-luminous radiation fraction based on the above 

is also plotted on Fig. D-1. 

In the absence of a good correlation for luminous flames we will 

double the radiation flux based on the above information. 



APPENDIX E 

USAGE OF COMPUTER PROGRAM 

The TBP simulation consists of a main program and four subroutines. 

It is written in FORTRAN IV and all calculations are performed in double 

precision. This latter feature could be limited to a small class of 

calculations in which roundoff error is unusually important with the 

attendant benefit of reduced computer time. No special setups such as 

disks, tapes or special library functions are required. It has run on 

an IBM 370 and a Xerox Sigma 6 with no changes at all to the program. 

The subroutines and their functions are: 

GAST - calculates gas properties per Appendix B. Radiation in the 

combustion chamber is computed following Appendix D hence the 

program is currently set up for small boilers; i.e., the 

characteristic length of the combustion chamber (cc) is 0.65 

ft. If the cc is larger or the flame more luminous, the 

simulated radiation will be less than it should be. 

STEAMT - This provides steam table data as described in Appendix C. 

TRITRI - This algorithm solves the set of matrix equations resulting 

from the finite difference approximations to the general 

differential equations (Chapter IV). 

CONTRL - This is the control center for the entire simulation. It is 

progrannned by the user to vary the boundary conditions as 

desfred. Through COMMON statements the following variables 

are ava:i,.l.able and may be varied at will: 
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TIB 

DTIB 

= time, sec 

= step size, sec 
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TSTOP = maximum TIB, case is completed when Trn = TSTOP 

DTP = printout interval, sec 

WDS = weight flow rate of feed water, lbm/hr 

WDG = weight flow rate of gas, lbm/hr 

AVAT = area ratio of throttle valve to final tube setment 

PS(j) 

VS(j) 

HS(j) 

US(j) 

TS(j) 

3 steam pressure, psia; specific volume ft /lbm 

enthalpy, B/lbm 

velocity, ft/sec; and temperature, Fat all tube stations j. 

A READ or WRITE statement could be added if desired. 

Data cards provide boiler details and initial conditions for the 

program. In the order read-in they are: 

1. Instruction Card - determines what data is to be read in - Format 

(311). 

Column 

1 KCNFIG = 1 to read in a new configuration (card 2) 

2 KCOIL = 1 to read new coil data (card 3) 

3 KBNDRY = 1 to read new boundary (actually initial) conditions 

(card 4) 

An instruction card must precede every case. If zero (0) is placed in 

any column the corresponding data will not be read, and the old data 

read in for an earlier case will be used. 
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2. Configuration Card - Format (12F6.0) 

3. 

1-6 DCO = outside diameter of coils, in. DCO is 12 in. in 

Fig. 5.1. 

7-12 DCI = inside diameter of spiral coils, in 

13-18 DGIN = diameter of firetube leading to combustion chamber, 

in. DGIN = DCI in the boiler considered here. 

19-24 DGOUT = diameter of flue gas exit from cool end of boiler 

casing, in. 

25-30 AIRFUL = Air/Fuel ratio on mass basis 

Coil Cards - Format (12F6.0) 

1-6 DTO = outside diameter of boiler tube, in 

7-12 FRAD = fraction of radiation from cc that strikes coil 

13-18 XT = ratio of tube spacing transverse to gas flow to DTO 

19-24 XL = ratio of tube spacing longitudinal to gas flow to DTO 

25-30 TWL = tube wall thickness, in 

31-26 CONDT = thermal conductivity of tube, B/hr ft F 

37-42 CPT = specific heat of tube, B/lbm F 

One coil card is read for each spiral coil. The closely wound helical 

coil and the final spiral from which the steam leaves the boiler may be 

broken down into as many "coils" as desired within the present limit of 

26 coils total (set by DIMENSION statements). A blank or zero card 

should follow the last coil card to signify the end of the coil cards 

and permit the program to evaluate the number of coils NC. 

All data above are printed at the top of the output sheet. 
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4. Boundary Cards 

First Boundary Card - Format (12F6, 0) 

1-6 WDS = feed water flow rate, lbm/hr 

7-12 WDG = combustion gas flow rate, lbm/hr 

13-18 TIM = initial time, sec 

Second Boundary Card - Format (10F8.0) 

1-8 TG = gas temperature, F 

9-16 TT0 = temperature of outside of tube, F 

17-24 TTC = temperature of midpoint of tube wall, F 

25-30 TTI = temperature of inside surface of tube, F 

31-36 TS = steam temperature, F 

37-42 PS = steam pressure, psia 

43-48 vs = steam specific volume, ft3/lbm 

49-54 HS = steam enthalpy, B/lbm 

55-60 us = steam velocity, fps 

If there are N coils the program will read N + 1 of these Second 

Boundary Cards. However, if a zero (blank) card is encountered before 

N + 1 cards are read, the remaining stations will be given the same 

initial conditions as the last station read. This latter feature is 

convenient for a cold start where all the temperature are the same and 

pressure drops small. 

The constants which are built into the program are: 

TAM = ambient air temp.• 85 F 

RH0T a tube density= 490 lbm/ft3 (steel) 

DTIMMN • minimum step size• 0.001 sec 
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CRCH = step size constant C = 500 

Every DTP sec, the following is printed: 

TIM = time, sec 

DTIM = time step size, sec 

RCH = relative change (R) in state 

NSTEP = number of integration steps since start of simula-

tion 

In addition to the line above the properties below are printed for each 

station j. 

J = station number starting at cold end of tube 

TG = gas temperature, F 

TTO = outside tube temperature, F 

TTC = center of tube wall temperature, F 

TTI = inside tube temperature, F 

TS = steam temperature, F 

PS 

X 

vs 
HS 

us 
WDSJ 

BALl 

BAL2 

QVWW 

BAL3 

= steam pressure, psia 

= steam quality 

= steam specific volume, ft 3/lbm 

= steam enthalpy, B/lbm 

= steam velocity, fps 

= steam flow rate, lbm/hr 

= normalized error fraction in mass equation 

= normalized error fraction in momentum equations 

= heat transfer/volume, B/hr-ft3 

= normalized error fraction in energy equation 



VSER 
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= normalized error in specific volume computed 

from derivatives relative to specific volume 

from steam tables. 



COMPUTER PROGRAM 
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r r~iNsJrNr POlLFF PERFO~MANCE NO 3 
IMPLICIT FF J!.L * fl ( A-H, 7-Z) 
[~MMON /TPil / US(?8l,PS(?q),HS(2R),ATRJ(Q 9 27}, 

1PTPJ(C,?7),CTPT(Q 9 77),0T0 I(~,27),NC 
C ,:MMn~.: /PH RL, /TIM, OT IM, T P, OTP, TS Tr:P, WDS, WDG, AVA. T, 

JVS(?7),X(?7),TS(?7),NSTEP,KCH 
rIMFN:c;tC'N USN(2F),PSN(28),HSN(?8),TSN(27),VS!\!(27), 

lVSD("7) 
DIMf~SirM DV~P (?7),0VPH (27),DVHPN(?7},0VPHN(27), 

1rvPHA(?7),TG(?7),TGN(27), YG(27),YS(?7),XN(27), 
70VHPR(27),~G(77l,HGN(27) 

rIMENSTCN QVW(27),0°SXW(27),USBW(27),VSRW(27),RFW(27) 
0lMFNSirr nrn(~6),FRA0(26),XT(26),XL(26l,TWL(26), 

1 CPT(26),CONOT{26) 
nJMfNS!fN DTI(26),DHY0(26),AHT(?6),AflS(26),AFLG(26), 

1WTT(26l,C~PV(?6),CUG(26),CFG(26l,CUL(26),CUV(26), 
ZT(?f),ARS(27),ALnSS(26),CFV(26),YT(?A) 

rJMfNSTrN TTG{27),TTON(27),TTC(27),TTC~(27),TTI(27), 
1CTAD(? 7 ) ,CT1(27),CT2(27),CT3{27),CT4(27), 
?TT I ~H 27) 

PI=3.l4)5<: 
GC='.1?.17 
CJ=778.16 
CGJ=Gf.1~CJ 
CGJ?=rGJt0 2. 
TAM= 1~5. 
(~LL GAST(TAM,ARWG,HGAD,HGAM,C,V,P,?) 
P HOT=490. 
ARS(J)=l. 
f, TI MMN=C-. 0010 

C OfAO OATA 

I-' 
0 
N 



1 7 

F GlPAAT ( 611) 
IF(KCNFIG+KCnJL+KRNORY.EQ.O) STOP 
!F(KCNCT~.FQ.C) GO TO 17 
r:· FAD ( 5, 1) oco, nc I, rG IN, DG''JUT, A IRFlll 
FUP~'\T(l?F6.0) 
tf=PT/4.*{DC0~*2-DC1**2)/l44. 
AGIM~=(PI/4.*(DGJN /12.)**2)**2 
,M~OUT ?= (PI /4. •" ( DGOUT /12.) **2) **? 
FVG=l820')./(AfRFUl+l. l 
HGlU)=HGAt-J+HVG 
W~!TE(6,14)DCO,DCI,OGIN,DGOUT,AIRFUL 
rG~MlT( I' DCI DGTN 

1 /4F9.3,Fl3.2/l 
lF(KCOTL.~Q.O) GO TO 15 
hqT:::(6,24) 
fOPM1'T( ' I OTO FRAD 

1. • TWL fONDT 
• ., ' AtllSS 

.~RA D=(l. 
l\CClOS=O. 
AHTN=O. 
\IHTTOT=O. 

(PT !JT 
WTT \.ITTTOT' ) 

ZT 

DGOUT ATRFUL' 

XT XL • 
AHT AHTN 1 

r,n 1? J=l,?6 
PEA0(5,l}DTn(J),FRAO(J),XT(J),XL(J),T~L(J),CONDT{J), 

!CPT Lt) 
1F{OTC(J).~P.C.) GO TO lS 
i·c=J 
NCl=NC+l 
r,'C2='>JC+? 
FNCH=2*f'-'C 
ZT(J)=AF/(XT(J)*DTO(J)/12.) 
I~(XT(J).LT.n.) ZT(J)=-XT(Jl 

..... 
0 w 



l' HT ( J ) = P ! *OT O ( J ) / 12. ,:; Z T ( J ) 
M' A,fl= µPAD+ FPAC· ( J) ~AHT ( J) 
fl~~~(J)=Pl*Of0*DTO(J)*XL(J)/144. 
IF(XT(J).LT.O.) ALOSS{J)=OTC(J)/J?.*ZT(J} 
IF(XT{J).LT.O.) ACCLOS=ACCLOS+ALPSS(J) 
t. HTN= AHTN+AHT ( J) 
YT ( J) = C(';\fiT ( J) /T\>IL( J) *12. 
~TT(J)=Pl*(DTC{J)-TWL(Jl)*TWL(J)*ZT{J)*RHGT/144. 
\r.cTTTflT=}:TTTC'T +rlTT ( J) 

1? ~PITr{~,?6)J,nTO(J),F~AO(J},XT(J),XL(J),TWL(J), 
lfGNOT(J),CPT(J),YT(J),ZT(J),AHT(J),AHTN,ALrSS(Jl, 
?I,- TT ( J ) , t TTTIJT 

?f F09MAT(l~,5F?.1,F9.l,F8.3,FR.0,6fR.2) 
1~ P0 2 7 J=l,NC 

rTJ{J)=rTC(J)/12. 
TWL(J)=TWL(J)/17. 
rTJ(Jl=DTC{J)-2.*TWl{J) 
AFLS(Jl=Pl/4.*QTI(J)~*2 
Il=J-1 
JFtJ.fO.ll Il=l 
fiRS(J+l )=AFLS( Il J/aFLS{J) 

IF(XT(J).LT.~~) 
ruv(J}=t.0210~~cURV/OTI(J) 
CUL(J)=0.01')5*FCURV/0Tl(J} 
CFV(J)=~.l84~FCURV 
CTAJ(J)=CONDT(J)/{RHOT *CPT(J)*(TWL(J)/2.)**2~3600.) 
fTl(Jl=(l.+TWl(J)/(?.*DTn(J)})*TWl(J)/(?.*CONOT{Jl) 
CT2(J)=l.+TWL(J)/(OTI(Jl+DT0(J)l 
(T1(J)=l.-TWL(J)/(nTI(J)+DTO(J}) 
fT4(J)=(l.-TWL{J)/(?.*OTI(Jt)l*TWl(J)/(?.*C0NGT(J)) 



r 

JF(XT(J).LT.O.) sn TD 27 
AFLGT=AFe{XT(J)-1.)/XT(J) 
AFLG~=AF*(DSORT(XT(J)**2+4.*XL(J)**2)-2.l/XT{J) 
AFL~(J)=0MINl(AFLGT,AFLGO) 
PYYD{J)=~./PI=XL(J)*(XT(J)-1.)*0TO(J) 
Ci JG ( J) =(:. 0 574 ;'<( Xl ( J) +6. 5) *OSQPT ( XT ( J )-1.) 
[FG(J1=~.18l*PI*(XL(J)+l.)*(XT(J)-J.q6)/(XT{J)-1.) 

? 7 CD:) V ( J ) = l T ( J ) / ( 144 • * 2. * GC * f) T I ( J ) ) 
r CU~\/= ( ? • ~n TI ( l l ** 2 / ( ( DCO-DT n (1 ) ) *'~ -Z + ( n CT +D Ti· ( l ) ) * ,:,-z) l 

l-"'"*D,.'J5 
CUV(~Cl=J.O?lO*FCUPV/OTI(NC) 
CUL(~C)=J.Ol55*FCURV/nTt(NC} 
CFV(NC)=1.184*FCURV 
AFLS(NCI)=AFLS(NC) 
I~(KB~0FY.EQ.O) G0 TO 28 

PHTI U CONOTTIONS 
RFA0(5,l)WOS,MDG,TIM 
r,·1 16 J=l,NCl 
!<=J+l 
M=NC 1. +1-.J 
PfA0(5,?lTG(M1,TT0(J),TTC(J),TTI(J),TS(J),PS{K),VS(J), 

lHS(J),llS(J} 
7 FORMAT{lOFB.O) 

IF{TG(M).NE.O.)GO TO 16 
J l=J-1 
Ml=NCl+J.-Jl 
NJ 25 l=J.NCl 
TG{ 1 )=Tf,{t-,q l 
TTr,l(J )=TTf1 (Jl) 
TTC{J)=TTC(Jl) 
1TI(I)=TT!(Jl) 
TS(I)=T<:<Jl) 

I-' 
0 
lJI 



PS(J+U=PSCJ) 
VS(I)=VS(Jl) 
HS(I)=HS(Jl) 

? c:: l'S ( I l =lJ S ( J 1 ) *~FL S ( J 1 ) / A Fl S ( l - 11 
TG(l)=TG(2) 
GO TO 70 

15 CDNTTNUf 
2~ PS(l)=PS(2l 

TSECnN=TS(l) 
IF(W0S.EO.O.) WD5=US(ll*AFLS(l)/VS(l} 

?A WRITF(6,7)WOS,WOG 
7 FOPMAT(lHV, 1 WOS WDG 1 / 

l?FB.11) 
nn io J=1,Nc1 
)((J)=0. 
pi::wcJl=0.5 
QVHP( ,J )=P• 
OVPH( J)=1~. 

[,VHPK( J)=C.001 
DVPH3(J)=D.G01 
CALL GAST(TG(Jl,A~WG,HGAD,HG(J),C,V,P,2) 
YG(J)=O. 

?,') YS{Jl=O. 
YV= 1. 
YL=l. 
VV='J. 
VL:J. 
FV=:). 
FL=,~. 
KCH-=l 
NCH=n 
P CH= J. 



r. 

r-

CRCH= 5. 
r,.·.sr ;::p= o. 
CTIM='). 
TP=TIM 

UP DATE 
!)fl 60 J=l, NCl 
USN(J)=llS(J) 
PSN(J)=PS{J) 
HSN(J)=HS(J) 
TSN(J)=TS(J) 
VSN(J)=VS(J) 
XN(J}=X{J) 
rvHPN{J)=OVHP(J) 
:~\/PHN ( J) =DVPH ( J) 
TT[l"H J)=TTC( J) 
TTC..J( J)=TTC(J) 
TTHH J)=TTHJ) 
HGN(J)=W~{J) 
TGNLJ>=TG{Jl 
PSN p,1c? l =PS ( NC?) 
\.Jf1G11.J= WOG 
\'STEP=NSTEP+l 

l::H1UNDARY CONf'ITHJNS 
C,\LL CONTRt 
PS(MC2)=0.75*PSN(NC2)+0.?5*PS(NC2) 

r r;AS 
~r ARWG=ARAO/WOG 

CALL. ~AST(TG(lJ,ARWG,HGAO,HG(l),C,V, 0 ,1) 
PSCC=(WD~*(HGAn-HG(l))-Q.50*ACCl0S*(TG(l)-TAM))/ARAD 
YRAn=QSCC/(TG(l)-TS(NCl)) 
r·r! ?l. KPFf'·=l,? 
,-,f' '." :~ N=?, NCl 

,_. 
0 ....... 



r,t=N-1 
J=MCl+J-M 
T=J-1 
YG( I )=Q. 
IF(XT(I).LT.O.) HG(N)=HG(l) 
TF(XT(T).LT.O.) TG(Nl=TG{l) 
TGB=(TGN(M}+TG(M)+TGN(Nl+TG(N))/4. 
lF(XT{I).LT.o., ~o TO 62 
CLOSS=0.5C*8LOSS(!)*(TGR-TA~) 
(ALL GAST(TGB,ARWG,HGAD,~,CPG,VISG,PPG23,4) 
f.G=',,,fnG/AFtG (I) 
r EG=GG*rHYO(J)/VISG 
YG{ T)=CUG( I }'~G(;*CPG/(PRG23*PEG"~,;0 Q.4Q) 
rTMN=T~B-0.5*(TTn(I)+TTON{I)) 
~C=YC{I)*AHT(J)*DTMN 
PG(N)=HG(~)+HGN(~)-HGN(N)-4.*(0C+QL0SS)/(WnG+WD~N) 
bG(~)=0.50*(HG(N}+HGN(N)) 
C.Alt C;-"ST(TGHO ,ARWG,HGAD,HG(!'!) ,c,v,P,3) 

TUE::,f 
TSB=(TS(I}+TSN(I)+TS{J)+TSN(J))/4. 
CTA=CTAO(l )*OTIM 
CTO=l.+?.*CTA~{l~+CTl(I)*YG(I)) 
CTE=l.+?.*CTA 
CTF=l.+2.*CTA*(l.+CT4{I}*YS(I)) 
CTG=TTON{I)+2.*CTA*CTl{I)*(YG(I)*TGP+FRAO(l}*QSCC) 
CTH=TTJN{I)+2.*CTA*CT4(l)*YS(I)*TSB 
CT~J-=C TA*CT2 (It 
CTZ-=CTA>:,CT3( I) 
nET=CTO*(CTE*fTF-?.*CTA*CTZ)-?.*CTA*CTW*CTF 
,TJ(J)~(?.*CTA*CTZ~(CTH-CTG)+CTF*(CTG~CTE+2.*CTA* 

l TT C "1 ( I ) ) l / D FT 
TTC(T)=(CTO*(fTZ*CTH+CTF~TTCN(I))+CTW*CTG~CT~)/DET 

,_. 
0 
00 



TT I ( I ) = ( CT D * ( CT H *CT F + 2 • *CT A* TT C N ( I ) ) + 2. *C T *C T W * 
1 (CTG-CTH) )/PET 

?? ClNTTMUE 
C <;Tc:f.\1 

46 D~ ?Q J=?,NCl 
I =J-1 
K=J+l 

1'!=\,,+l 
PS?.= ( ( US ( Il +!Js:"H I ) ) >:: ARS ( J) +US ( J) +USN ( J l ) / '•. 
PS B = ( PS ( ,J) +PS~' ( J ) +PS ( K) +PS N ( K) ) / 4 • 

T~B=(TS{It+TS~(I)+TS(J)+TSN(J))/4. 
vsq=(VS{l)+VS~(I)+V~(J)+VSN(J))/4. 
X~=(X(I)+XN{t)+X(Jl+XN(Jl)/4. 
GS=O~RS(USB/VSR*3600.l 
GS?=USl'\:>:<f)AP,S{ USP)/( VSB*VSf:I) 
CALL STf1MT(TSJ,PSB,VVE,HVB,VIS,fONO,PR,4) 
IF{Xk.~O.O.) Gn TO 43 

(, V ·'\ r>(;'> 
61 CALL STF1~T(TSR,PSB,V,H,VISV,CONDV,PRV,B) 

P EV=GS•GTI(I)/VISV 
YV=CUV(I)* PRV:-l:x,0.6* RfV**0.85*CONDV 
YS(I)=YV 
FV=CFV(l}/ REV**0.15 
I~{X~.EQ.l) VVR=VSB 
PPV=fDPV(I)=FV*GS?.*VVB 
PPS=flPV 
TF(X~ .FQ.l.l ~OTO 44 

C LIQUID 
4~ (~LL ~T~&MT(TS~,PSP,V,H,VISL,CONDL,PRL,7) 

~L=~S*~TI(J)/VISl 
YL=C.ll( Il~'. PRt '~>'.'.0.5* RFL/''"'J.f9""CCNDl 

I-' 
0 
\0 



Y S ( I) =YI. 
fl=CFV(I)/ REL**0.15 
(l\LL STf~.MT(T5r ,PSr,vu~,HLB,VIS,COND,P~ ,3l 
IF(XR.C0.0.) VLA=VSB 
OPL=CDPV(l)*Fl*GS?*VLB 
f..'PS=DPL 
IF(XA.fQ.Ol Gr TO 44 

C TWO PYASF 
f~PH=l.5-J.5*DCOS(2.*PI*XR) 
YS(I)=(XB*YV+(l.-XB)*YL)*F2PH 
0 PS=(Xq *DPV+(l.-XR )•DPL)*F2PH 

C TDTAL STEA~ 
44 rTMN=(TTI(Il+TTI~(J))/2.-TSB 

CV=YS(I)*OTMN/(900.*DTI(I)) 
rPSX=DPS/ZT(I)•(-144.) 
V SfHi{ I) =VSB 
I lSPW{ T.) =USP. 
(.,-,YW(I)=CV 
f'IPSXlri( f )='1PSX 

C T~JT7J COEF 
GTX='")TJM/ZT(I) 
CM=l.-OTX*US'3 
CP= 1. +DTX*USB 
~TRT(l,Jl=DTX~V~R*ARS(J) 
PTRI(l,J)=-DTX*VSB 
tTRI{2,J)=DVPHB(J)*CM 
CTR1(2,J)=OVPHR(J)*CP 
ATqJ{1,Jl=OVHPB(J)*CM 
PTRI(3,J)=OVHP~(J)*CP 
CTRI(l,J)= DTX*VSB*(USN(J)-USN(I)*ARS(J))+ 

trVPHS(J)*(CP*PSN(Jl+CM*PSN(K)l+DVHPP(J)*(CP*HSN(I)+ 
2 C MJ• H'~ t.J( J l J 

..... ..... 
0 



4T~I(4,J)=CM*A 0 S(J) 
l' TR I ( 4, J) =C P 
•:CT;, I ( 5,Jl=-orx~:•VSP*GC*l44. 
CT?J(~,J)=DTX~VSB*GC*l44. 
,..,rn (? 'J) =C p:1,usN ( I )*ARS ( J) +C~>l<lJSN ( J )-DTX*VSR';:( PSN (Kl-

l PSN ( J)) ~G(*l4&.+2 .*DTIM*VSB*OPSX*GC 
~T'I(7,J)=CM*US8/CGJ*A~S(J) 
PTRJ(7,J)=CP*USB/CGJ 
RTRI(P,J)=-VS8/CJ*l44. 
CTfT(8,J)=-VSP/CJ*l44. 
a. TR. I ( o, J) =CM 
l-?TRI(O,J)=CP 
f'Tt:~ I( 3, ,J )=C p,scHSl'J( I) +CM*HSM ( J) +US f*( CP *US"'-! (.I) >:•,f.\R S ( J l + 

1CM*USN(J})/CGJ-VSB~(PSN(Kl+PSN(J)l*l44./CJ+2.*DTIM* 
?VSB*{OV-USP~OPSX/CJ) 
!F(J.~~-?) en TO 31 
OTRT(!,Jl=DTPI(l,Jl-ATPI(l,Jl*US(l)-ATRI(1,J)*HS(l) 
rJRI(2 1 Jl=DTRI(2,J)-ATRl(4,J)*US(l) 
DTRT(3,J)~DTRI(3,Jl-ATRI(7,J)*US(l)-ATRI(9,J)*HS(l) 
,'l TR I ( 1 , J ) = 0. 
ATRI{'3,J)=O. 
AF1.J{4,Jl=O. 
/:t TR I ( 7 , J ) = 0 • 
ATRI(9,J)=O. 

~, TF(J.~f.NCl) GO TD 20 
DTRI(l,J}=OTRI(l,J)-CTRI(2,Jt*PS(NC2} 
GT~I(2,J)=OT?I(2,J)-CTRI(5,Jl*PS(NC7) 
or~ I ( 3, .J) =fJTR I ( 3, J )-CTR I ( 8, J} *PS { l\iC2} 
rr;p(?,J)=O. 
f.F'I(5,J)=O. 
rT~!( o,J)=()• 

? ,-: C n~JT T i\flff 

I-' 
I-' 
I-' 



(,l\U TRITPI 
r X,TS,VS 

nn '."'C; J=l,N(l 
l<'=,J+ 1 
l <;( J } = c, a r.; ._,, ( lJ s ( .J ) +us!'! ( J ) ) 
D~{K)=0.~*(PS(K)+DSN(K)) 
T=J-l 

PFW( .J) =(),. 5 
X(J)=l. 
C~ll sn:tMT(T~AT,PS(K),VV,HV,VI~,(m,1n,P~{,4) 
l~(H~(J).GT.HV) G0 TG Gl 
X{J)=O. 
CALL STFAMT(TSAT,PSAT,Vl,HL,VTS,CONr,p9,3) 
T F ( H" ( J l • LT. HL) GO TO O 2 
T'..;{J)=TS!,T 
X(J)=(HS(J)-HL)/{HV-Hl) 
VS(Jl=Vl+X(J)~(VV-VL) 
f.:f.>O=-l'J. 
PSl=Pc;(t<l+DPD 
f1ll STEA~T(T~l,PSl,VVl,HVl,VIS,COND,PR,4) 
C AU STf_,MT (TS l, PS 1, Vll, HL 1, VIS, f. mm, PF, 1} 
flVH P ( J) = (\JV-VU/( HV-Hl) 
DVPH{J)=(X(J)~(VVl-VV)+(l.-X(J))*(Vll-Vl)-

lGV~D(J)*{X(J)~(HVl-HV)+{l.-X(J))*(Hll-Hl)l)/ODD 
HS~I=0.~*(HS(Il+YSN(I)) 
HS~J=D.5~(HS(J)+HSN(J)) 
HS~x=nYAXl(HSPI,HSBJ) 
HS~N=DMl~l(~S2t,~SBJ) 
!F{HL.GT.HSMX.OR.HL.LT.HSMN) ~c Tn O) 
R~Y(J)=(HSMX-HL)/(HSMX-HSMN) 

..... ..... 
N 



c -~ r rn = 1 0 • 
TS2=TSl\!(J)+DTQ 

C}? 

CALL ST~6MT(TSN(J),PS(K),VS1,HS1,VIS,COND,PR,6) 
CALL STfAMT(TS2,PS(K),VS2,HS?,VJS,COND,PR,6) 
1S(J)=TSN(J)+(HS (J)-HS1)/(HS2-HS1)*DTD 
IF(J.F.Q.l) TS(l)=TSFCON 
CALL STf~MT(TS(J),PS(K),VS(Jl,HSl,VIS,COND,P~,6) 
fJPD=-10. 
PSl=PS(K)+OPO 
TS2=TS(J)+1.0. 
C\LL STEAMT(TS(J),PS(K),VSI,HSI,VIS,COND,PR,6) 
(ALL sr~AMT(TSZ, 0 S(~),VV2,HV2,VJS,COND,PR,t) 
CALL STEAMT(TS(J),PSl,VVl,HVJ,VIS,COND,PR,6) 
OVHP(J)=(VV2-VSl)/(HV2-HSI) 
nvnH(J)=(VVl-VSJ-DVHP(J)*(HVl-H~Il)/DPD 
IF(J.Nf.!) GO T0 90 
HS{l)=HSl 
US(l)=WDS*VS(l)/(1600.*AFLS{l)l 
r,n Tn 90 
TS(J)=TSAT-(Hl-HS(J))/1.035 
lF(J.~Q.l) TS(l)=TSFCON 
(ALL STF4MT(TS(J),PSAT,VSAT,HS1,VIS,CONO,PR,2) 
[All ST[AMT(TS(J),PSAT,VSAT,HSl,VIS,CONO,PR,3) 
\/ S ( J l =VS AT - ( 5 • 0 D- 8 + 5 • 2 0-1 0 * ( TS ( J ) -2 l ;) . } ) * ( PS ( K ) - PS AT ) 
OVHP(J)=6.550-6+5.3D-8*(TS(J)-210.) 
DVPH{J)=-6.50-8-6.4n-lO*(TS(J)-210.) 
!F(J.N~.1) GO TO QO 
HS(l)=HS1+0.JC212*PS(2) 
US(ll=WDS*VS(])/(~600.*AFLS(ll) 
::,VH r>~ ( J) =J. 15 * ( RFW ( J) ( OVHP ( J) +DVHPN ( J) l-+ 

l(l.-R~W(J)}*(OVHP(I)+DVHPN(I))) 
nv 0 HR(Jl=0.5*(~FW{J)*(DV 0 H(J)+OVDHN(J))+ 



r, 

1(1.-RFW(J))*(OVPHfI)+DVPHN(I))) 
VSD{Jl=~.5*((VS(t)+VSN(I))+DVHPB(J)*(H5(J)+HSN(J)-

1HS (Il-HSN(l))+OVPHR(J)*(PS(K)+PSN(K)-PS(J)-PSN(J))) 
VT=V<;(J) 
VS(J)=0.5*(VSO(J)+VSN(J)l 

;::)~"1 VSO(J)=VT 
?l C!J11HINtJC 

fl 7 :;1 J=l, Mfl 
qo RCH=RfH+OABS(VS(J}/VSN(J)-l.}+DABS(HS(J)/HSN(J)-1.l 

PCH=?CH/FNCH 
PRINTOUT 

lF(TYM.LT.TP-l.D-6) GO TO 23 
WRIT~(6,4) TI¥,DTIM,RCH ,NSTFP 
F0RMAT(//?F9.4,FlG.6,I8) 
on oc; J=l,NCl 
J=J-1 
1-l=f'.lCJ.+l-J 
QVWW=O. 
VSf!~=VSO(J)/VS(J)-1. 
TF(J.F.Q.1) GD TO 95 

CONSFRVJTION TEST PPINTOUT 
DT=2.*0TIM+l.0-70 
r:x=2.*ZT{I) 
D!=l./VS(I} 
FIN=J../VSN{I) 
P J= 1. /VS ( J ) 
FJN=l./V'SN(J) 
IJI =US ( I ) ,!< AR S ( J) 
U IN=IJSN( I) *ARS ( J) 
!.IJ=U<; ( J) 
!!Jt'l==US\l( J) 
Pt.JI='.<: I ..,,n 



;1,q IN= RI N°,q1y N 
OlJJ:o.:>,J>lcUJ 
f•; UJN= ~J N:-=UJN 
PJ=P<;(J).!144. 
PJN=PSN{Jl*l44. 
PK=PS(J+l)*144. 
PKN=PSN{J+l)*144. 
<FI=?I*(HS(l)+UI*UT/CGJ2)-PJ/CJ 
~'EI "1=RIN* (H~N( l )+IJIN*UIN/CGJ2 l-PJN/CJ 
r i:J='{ J* (HS ( J) +lJJ*UJ/CGJ? )-Pl</CJ 
REJN=~JN*(HSN(J)+UJN*UJN/CGJ2)-PKN/CJ 
OR0T=(RT+RJ-~IN-RJN)*AFLS(l)*ZT(1)*3600./DT 
W D S I = ( Q IJI +RI _ll !\1 ) * \ FL S ( I ) * l P, 0 0 .. 
WOSJ= ( Rl!J+RUJ1'') *AFLS (I) *l R!)O. 
FALl=(WDSI-WDSJ-DRDT)/WOSJ 
0P5=-0PSXW(I)*ZT(I)/144. 
D~'.F'T={ R1H+FUJ-R.UIN-RUJN) /( OT".<GC'-DPSXW( I) l 
DRU? '.)X= ( q ! JJ~·,u J+DUJ N*'JJN-Q_U I *ll l-P\l IN*U IN)/ ( 0 X*GC * 

l.GPSXHI)) 
DP~X=(PK+PKN-PJ-PJN)/(nX*OPSXW(T)) 
P,,~l? =f)R UDT +ORU?OX+DPDX-1. 
0V=(WDG~(HG(M)-HG(M+l))+FRAD(ll*QSCC*AHT(I))/{AFLS(I)* 

1ZT(I)*~6::'0.l 
nREOT=(PFI+REJ-REIN-REJN)/(DT*OV ) 
DRF!Jf1X=(qEJ*OJ+R!:JN*UJN-REI*llI-RflN*IJIN)/(DX*QV ) 
0PU1X=(PK*UJ+PKN*UJN-PJ*UI-PJN*UINt/(DX*CJ*QV ) 
f'PF !J') X=D 0 SXW ( I l * ( UI +!J IN+llJ+UJN) / ( 4. *CJ* QV} 
CJVV=QVW( I )/QV 
P,~1_ 3 = oq F0T+OR J:"IJDX +DPtl!)X+OPFI irx-ovv 
0 v\'-n.,.1=QVW ( I ) 

•Jc ~RrT~(6,~)J,TG(M),TTO(J),TTf(J),TTI(J1,TS{J),PS(J+l), 
1 Y ( J) , VS ( J) , HS ( J) , US ( .J), "'1').SJ, f AL 1, P L?, QVW \,J, Rf.\ L '1 7 V Sf R 

.... .... 
\J1 



23 

1rQ.~,F8.7,?F~.4) 
JTP={TI~+nTIM~N)/PTP+l. 
ATP=tTP 
TP=J\TDl'.".[TP 

STfD ~fl!.= 
cnNT fNlJf 
nTIM=GTJY/(0.00+ CPCH*P(H)+OTJMMN 
RCH=0. 
TF(TTM+OTI~.~T.TP) GP TO 93 
ITl~=(TP-TJM+rTI~~r l/DTIM+l. 
rn1 ,¥!:TT('/; 
CTI~=(TP-TI~l/DTIM 
GC1 F"'. 3 7 

IF(OA8$(TP-TI~).'.,T.DTIM~N) Gr Tr q4 
TTIM=(rTP+DTI~MN)/DTIM+l. 
')TI V: ITT,.. 
r:'TI V=DTP/DTI'.'v" 
G17 rn 37 

'.·.4 GTJ 'J,=TP-TIM 

~7 TIM=TI~+1TIM 
Ji=(THJ.JT.TSFP) Gft TD 7} 
<:; T'"'P 

..... ..... 
°' 



SUBPCUTINf TRITPl 
!~Pl!CIT REAL*8(A-H,n-Z) 
rn~MON/TPJl/U(28),V(28),W(2A),A(0,27),B(g,27),C(Q,27), 

1C(3,?7l,!'J 
DIMFNSIGN El(Q 9 25),GAM(3,25) 
t,.' l=N+ 1 
r.-n lJ I=?,Nl 
K=I-1 
IF(J.EQ.2) GO TO 11 
RETl=B(l,I) 
BFT?=R(2,T)-A(1,I)~EL(2,K)-A(3,Il*fl(B,Kl 
PEr~=B(3,T) 
~ET4-=P..{4, I) 
PfT5=R(r.,I)-A(4,I)*EL(2,K) 
f\ f TT= i?: { 7, I ) 
HETR=B(R,I)-A(7,I)*Fl{2,K)-A(9,l)*El(A,K) 
P, F: T 0 = B ( 0 , I ) 
DEL1=0(1,I}-A(l,I)*GAM(l,K)-A(3,I)*GAM(3,K) 
GEL2=G(?,I)-A(4,I)*GAM(l,Kl 
DEL3-=G(3, I)-A(7,Il*GAM{ 1,l0-A{9,T )*GAM(3,!<l 
GD T'-:-l 12 

U RfTl-=R(l,J) 
PET?=R(2,1) 
RFT1=f\(3,I) 
H ET 4= l:H 4 , I ) 
RfT5=B(5,I) 
P,ET7=P(7,I) 
BFT8=P, ( 8, t) 
PETO=f:HO,I) 
!1 El. 1 = D ( l , I l 
l'Ft2=G(?.,T} 
DFL3=0(1,I) 

.... .... ...... 



l? THFl=PET~#RfTO 
TH~2= -PFT4*8ETO 
THE~=BET4*8~Tc-eETS*RfT7 
THc4:qFT~*BET8-ijET2*BETO 
TH=5=SETl~BETC-BET3~RET7 
THf6=8FT~*rET7-BET1*8ET~ 
TH~7= -BCT3*AFT5 
THE A=PfT3~'<BFT4 
TH~9=~~Tl*~ET5-RET2*qET4 
r~=THrl*~ETl+THE~*RET2+THE3*PFT3 
~L{~,I)=(T~Fl*C(2,T)+THE4~C(5,I)+THF7*C(3,I))/EM 
EU 5, I ) = { T Hf ?i:( { 2, I)+ TH!= 5*C ( 5, I)+ THE 8°:<C (8, I ) ) /E. M 
~L(2,Il=(THF3*~(?,I)+THF6*C(5,I)+THEQ*C(8,I))/EM 
GA~(l,l)=(TH~l*DELl+THE4*nEL?+THF7*DEL3)/F~ 
G~M(~,1):(THE2*0Fll+THF5*0El?+THF8*DFL3)/E~ 
GA~(l,I)=(THE3*DELl+THF6~nEL?+THF9*0FL3)/EM 
Ci'~nr NUF 
U(\ll)=GAt.{1,Nl) 
V{IH)=G1-"l'H?,Nl) 
t{N1)=G/\M('3,Nl) 
f'lD 30 I=?,N 
J=Nl+1-T 
,Jl =J+ l 
U(J)=".::,HA( l,J} 
V(J)=GI\M{?,Jl 
W(J)=GAM(3,J) 

-EL{2,J)*V(Jl) 
- F l( 5 , J ) >.'<V ( J 1) 
-EUB,J)*V(Jl) 

I-' 
I-' 
CX) 



) 

S'Jfl?fltJTP:F: GAST(TG,.L'RWG,HGt.O,HG,CPG,VIS,PiJ<;?3,'<l) 
T~?l!CIT PEAL*8(A-H,O-Z) 
Gr T0 (1,2,3,4),M 
n; = { Hr;.~ f,- 3 4 • + 6 9 Dr:) • * l\f) WG ) / ( 0 • 3 6 + 6 • 2 ~AP W G ) 
HG =ll?.9D33+(.?65?727+l.390G26E-5*T~)*TG 
p r:T{Jf~ t,l 

T G =-4 l '- • 31:; q l + ( 3 • 7 6 o 3 5 9- • '• 0 (' 4 4 2 1 3? ()is HG ) *Hr; 

L rDs=n.?s~0RJ?+( .40?3570E-4+(- .04oq969f-c-
1 .3411~75E-12~TG)*TG)*TG 
VIS=~.13A3238~+( .54396A3~-4+{- .PD65?11~-R+ 

l.~~178~0~-lZ*TG)*TG)*TG 
0 (G?1=G.7RB2R0A+( .?26~Cll[-3+(- .l~POlA~E-6+( 

1. 5);?~5c;g:=-10-.576Gr::71F-l4>'~TG)*TGJ 0"'TG).,,..TG 
r --:T!JP 1'· 



<;lJP,Pf1UT PH: srr: \MT (TF' PA' V,H, V! S,CGi\l,P'~' Jl 
l~PLICIT RfAL*q(A-H,n-z) 
cnT''i( l,?,?,1,?,6,7,P),J 

r TSAT=F(P) 

r 

I F ( P il • G f • 4 5 C. ) U.' TC 21 
r\=JLOG( 1 n. t,01) 
TF=35. 1 ~7PQ+A~(?4.5°?59+A*(2.l]R707-A*.3414474+A*( 

1.l5 7 4l64~A+A~(-.031~?959~A+A~(.0038f-582B*A+A•(-
7.,JJ?4q0J7B*A+A~fft*.6R40156E-5)))))}) 

TF=l1545.l6+A*(-13R6.01B+A*(?477.7A6-3t3.44?7~A+ 
!~•(?6.60GQP*A+A*(-.7807~8l*A)))) 

~? TF(J.FQ.~) GO TO 6 
l~ r=Tl JF '-J 

P SAT =F ( T) 
TK=.~555~~6~(TF-32.)+273.16 
t,,=64 7. ::>7-T!< 
TF(TF.GT.2rr.) Gn T(' 31 
P=?lP.l67/(10.~*((A/TK)*((3.?43781+.005qf 0 26*A+ 

J • 1l70 F-.., .-, A,, • .,,, '3} l ( l • +. 0 02 l 8 7 8 46 *A) ) ) ) 

~, 
1.751~494~-Q~A~~1+.6~644F-1J*A**4)/(1.+.0l~7 q44R*A)l)} 

_,,,, "1 t.=P~<l4.f,96 

--, 

Il=(J.t:Q.5) c;o Tn f. 

SAT LIQ V,H,S=f(T) 

tF(X.GT.J.} GP rn ~4 
V-=·). 
or= Tt i,, ,,1 



V=(.051210l~-4.150065E-~*X~~.3313~~~-l.070°n3F-5~X+ 
1 X:!.<,:,4~- .P7506?~f-15) /( l.+. l 1036?,l>-•X•n1:. :i.1-::13?,33-
'.' 7 • J_ q;~ ':\6fH=-31,x) 

I~(TF~~T.~6C.) Gn Tn 36 
H=-1?. 1 ,•:; 11 + l. 1f>!' ~O R:;•TF-1 • l 51 7f:-4"'Tl="' o'.0 2 +4- • 8 5 5 3A4f-7* 

1TF~~,-7.?6l87A~-10*TF**4+9.635012C-13*TF**~ 
Pf"TURt-• 

2 s •·=-904.ll71+10.6738*TF-.04~7~384*Tf**7+0.41?44E-5* 
]T~*~~-1.n315~6r=-7*TF~~4+4.56024AF-11~TF**5 

rr=T!JRN 
r SUP'=!-"'HfAT V,H,S=F(T,P) A!'-3 0 SAT VAP V,H,<;=HP) 

TC=0.55S~~~6*(TF-3?.) 
P=P/\/l4.(,q6 
/',=1./ ( TC+?73 .16) 
8=2641.A2*10.~~(80R70.*A~*?) 
C=80R70.*nLOG(lO.OO)*A**? 
r!=?"'( J .+:'.*C) 
r=R?.546-16?460.*A 
c=.?1R?B-12A071.*A~~2 
~=.000~6?5-.6768F-7~(1000.*A)**24 
0 = 1 .. 11 q_ A>:: R 
P=P:¾*::'/?. 
I 1 = ( I\ * P ) ;': ~: 4 / 4 • 
IF(U.GT.l.~-7) Gn TO 10 
\-i=n. 
X=O. 
G:7 TP 11 
W = ( A", P ):,!· * l / 13. 
X= { t,J,p) ,,,,., l? 
Gl=O**?~A**?*(1.~~-l62460.*Al-~*A**3~2.*0*D 
~?=Q+~4/a*(4.~~-?5~g40.*A*~?)-F*4.*Q~~1*D 
r, 3 = -0 ,,., 1 '> r~ r.; I t\ '" ( 1 • .;, f.- • l ? 4 '3 ? F - 5 '" ( I I'") 0 'J • * ) ,, --i., 2 4 ) + G t,, 1 -:i, • * 

I-' 
N 
I-' 



r 

7 

r 
p 

10~~1?~n 
V={4.~~514/(P~A)+O+Q*~2*4**2*~*P+Q*~4*(A*F)~*3*F-Q**l2 

l*O~X~G)*.Ol6Jl?~ 
H=((P~(l.RQ-?.*A*R*(l.+C))+Gl*R+G?*U+G3*Wl*.1012q5+ 

11.47?/~+.0C037783/A~*2-47.~365*DLDG(A)+l803.71)*.43 
RfTURN 

LIQUID PRrPcPTIES 
VI~=l./(.JOR3?*T~ -.225) 
CON=0.1??+(.001554-9.835E-7*TF)*TF 
PR =1J.R4+(-.0Q34°+(.00,3~A8+(-.55?3F-6+.1366f-9*TF) 

l*TF)*TFl*TF 

VAPGR PRCPFRTIES 
VIS=J.1?2-(5.54~-5-l.96E-9*PA )*(1885.-TF ) 
fON=-0.nQR40+2.n~6f-6~PA+4.652E-5*TF+3.R17/(TF-0.285*PA) 
PR=J.S21-0.~CC05D7°*DA+0.0001585*TF+214./(TF-0.246*PA) 
RETURN N 

N 



SU~RnUTINE CO~TRL 
IMPLICIT REAL*R(A-H,0-Z) 
C T•1 MD N IT R Tl / IJ S ( 2 9 ) , P S ( 2 8 ) , HS ( 2 8 ) , AT R I ( q , 2 7 ) , 

1PT 0 !(9,?7),CTDJ(9,27),DTQ1(3,?7),NC 
CD~MnN /CNTRL1/TIM,DTIM,TP,DTP,TSTOP,WDS,WDG,AVAT, 

1VS(27l,X(27),TS(27),NSTEP,KC~ 
GO TO {1,2,3 l,KCH 
OTP=l.O 
TSTOP=32C•.+l. D-6 
NCl=NC+l 
AVAT=,'."'. 06865 
Pl2=3.14159?65358Q*?. 
KCH=? 
(,]',!TI !\IIJ!:' 
,~(TIM.tT.?D.~+1.n-6) Gn TO 4 
DTI M='•• 
!<CH=~ 

1 CONT!r.JUF 
WDS=3C0.+1P.*PSIN(Pl2*(TI~-?C.)/60.) 

4 fONTINUf 
PS{NC+~)=(US(NC1)/(45.~*AVAT))**2/VS(~Cl) 
PFTlJ!:!N 
FND 
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TRANSIENTS IN A MONOTUBE BOILER 

--A DIGITAL SIMULATION 

by 

Arthur Wilfred Gardiner 

(ABSTRACT) 

A steam generating unit consisting of a single tube heated by 

combustion gases has been modeled mathematically with emphasis on 

simulating non-steady behavior. The resulting digital computer program 

is particularly suited to predicting the response of automotive boilers 

to changes in operating conditions. 

The heart of the model is the set of conservation laws for mass, 

momentum and energy of the steam. These are augmented with empirical 

relations for heat transfer and pressure drop plus steam table data. 

Allowance is also made for gas convection and radiation, heat loss to 

ambient, and energy storage in the tube wall. The resulting set of 

three partial differential equations in four unknowns is solved by 

removing specific volume derivatives from the set through substitution 

of steam table data in differential form. The differential equations 

are put in finite difference form which yields a set of quasi-linear 

algebraic relations which are solved on a digital computer. The 

program's predictions of non-steady performance have been qualitatively 

compared with experimental results found in the literature. A 12-in. 



diameter test boiler has been constructed and preliminary steady-state 

data from it are compared with the simulation. 
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