BOILER RESISTANCE: THE WAY OUT

Back pressure behind balancing heat transfer and engine efficiency

Hendrik Kaptein, for ASTT 2025 Darlington conference



|. Overview. Given a certain firing rate more heating surface
is good for boiler output and efficiency.Within steam
locomotive space and weight limitations heating surface
mostly consists of relatively narrow tubes and flues, causing
serious combustion gas flow resistance. Ejector back
pressure needed to overcome this impedes engine output
and efficiency.

So — and given the best possible exhaust system — the TRADE-
OFF is BOILER V. ENGINE PERFORMANCE, once again
demonstrating the need for integral design.



2. Methodology. Simplified QUALITATIVE APPROACH (thus
containing little quantification apart from a couple of
important relationships) concluding with some general
guidelines for future steam boiler design within heritage
limits:“NO CALCULATION WITHOUT KNOWLEDGE OF WHAT IS
TO BE CALCULATED AND WHY”. Example of “the steam
locomotive as an organic whole”: La béte locomotive ...



3. History. No that much discussion on this up to now (as
far as known to the present author). Mentioned by Chapelon
(1938, in terms of tempérament or freedom of combustion
gas flow) but no elaboration (Chapelon going for high output
/| weight ratios anyway). ... Latest (?) contribution by Adrian
Tester (ASTT 2022 presentation and book, 2024), including
historical overview of boiler resistance theory, experiment &
experience.— Here no more than marginal elaboration of
their fundamental findings.



4. Neglect explained (?). Locomotive boiler designs since
Henry Booth (realised by Stephenson) more or less

successful. But then ENGINE EFFICIENCY LEFT OUT of the whole
story ...

(+ tendency to “isolate” design issues from each other.)



5. Limitations of applied thermodynamics v. Up to now
combination of general thermodynamics & test results in
order to inductively reach general results.

Still steam loco boilers, engines. exhausts etc. seem relatively
simple things but then calculating, comparing, weighing etc.
combustion gas (& steam) flows, heat transfer etc. is quite
another & rather complex matter indeed.

Computer modelling may bring progress here (as with
stationary boilers).



6. The problem visualised: +/- equivalent boilers in terms of output:
stationary, locomotive,Velox (not exactly up to scale ...)
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/.Small is not so beautiful? The “compression” issue:
three boilers (scaling +/-, not important given major
differences in size and weight), with +/- identical output (say
10 t/ hr) & efficiency (up to 90% at lower loads, decreasing
at higher loads (though large stationary boilers may reach full
load total efficiencies up to almost 100%). — VWHY ARE
LOCOMOTIVE BOILERS SO SMALL? Obvious answer but still ...



8. Size issues.A.The smaller the equivalent boiler, the higher
its combustion gas flow resistance. B. For the same amount of
combustion gas to be moved more energy is needed to
overcome this resistance in a smaller boiler.

+ smaller “equivalent” boiler operates at higher combustion
gas speeds & pressures, increasing heat transfer (again:Velox
boiler the extreme case in this respect as well).



9. Draught power consumption. Stationary:“for free”:
natural draught up long chimneys guiding hot & thus light
gases upwards. Loco boiler: exhaust ejector consuming part
of total engine power. (“Extreme” Velox: exhaust gas turbine
driving combustion air compressor.)

So the LOCO BOILER is a SPECIAL CASE in one more respect:
both stationary & Velox draughted by combustion gases
themselves, loco boiler DRAUGHTED BY ITS PRODUCT:

“fundamental handicap”.



|0. Locomotive boiler resistance factors. (Evidently:) air
inlet under (or in) firebox, grate, firebed (if any), brick arch,
tube plate, tubes & flues, superheater, (combustion gas
feedwater heater,) smokebox, spark arrester / self cleaning
devices and their dimensions. (Strahl [early 20t century]:
“normal” flue and tube resistance making up for +/- 50% of

total boiler resistance.)

Here mainly discussion of TUBE / FLUE SIZES & RELATIONSHIPS,
given the relative “constancy” of other factors.



| |. The problem. Boilers may
not be shrunk “for free”, as the
same heating surface within a
smaller boiler increases
combustion gas flow resistance:
overall efficiency is determined
by energy needed for
combustion gas flow as well =>
back pressure ...

“Coughing out impediments:”




Indicator Diagram Comparisons

Admission Assumptions
Expansion/Compression Coefficient = 1.3
Swept Volume = 0.1 cubic metres (3.53 cu.ft.)
Clearance Volume = 10%
Steam Pressure = 1500 kPa (220 psi)
Exhaust Pressure = 75 kPa or 25 kPa (3.6 or 10.9 psi)
Admission Cut-off = 20% of forward stroke
Exhaust Cut-off = 70% of return stroke

Deductions
Work done with 75 kPa exhaust = area within orange curve = 54kJ
Work done with 25 kPa exhaust = area above blue curve = 61kJ
Increase in work output (or power delivered) = 14%
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| 3. Expansion. This is the simple(r) part of the story:
increase in engine efficiency is a matter of more work done
by the same amount of steam, amount of which is to be
derived from comparing indicator diagrams depicting degrees
of expansion.

Engine design itself no main issue here. Still lower back pressures change compression. This may
necessitate smaller clearance volumes / marginal changes in valve events in order to prevent
curtailing of inlet steam flow.

(This relates to the much greater importance of avoiding exhaust choking compared to inlet
throttle losses.)



| 4. Expansion f. Some more interesting relationships (again
as explained by Chapelon):

Doubling back pressure => output goes down by 25% (other
things equal).

Longer cut-off needed for the same ihp, e.g. from 5% to 22%
=> |4% increase in fuel consumption.



