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Abstract

The design of a NMR probe suitable for very high temperature samples is described. The loop gap resonator is water cooled and
tuned to 100 MHz for use in a 2.4 T horizontal bore magnet. The probe has been specifically designed for imaging of the combustion
process. An experiment is described in this paper which shows the behaviour of a methane gas jet when both lit and unlit. The jet of
gas may be observed in its unlit state flowing at up to 2 m s�1 from a 1 mm diameter orifice using a Single Point Imaging technique.
Images of the lit gas show loss of nuclear polarisation within 3 mm of the orifice. A residual amount of un-decomposed gas is visible
in the first few millimetres of the flame neck. A computational fluid dynamics model is used to verify the distribution of molecular
methane, as well as the temperature of the flame.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

There is much interest in the process of combustion
as it is the primary way in which chemical energy is har-
nessed. In many applications, there is a subsequent con-
version to other forms of energy (electrical or
mechanical). In all cases, an efficient conversion is de-
sired. The magnetic resonance techniques can contribute
greatly to the investigation of combustion. NMR and
MRI can analyse and visualise the fuel components—
solid, liquid, and gas. In addition, they can monitor
the formation of combustion products, but usually sep-
arately from, and when cooler than the combustion pro-
cess [1]. NMR methods are also capable of quantifying
flow, as well as temperature and composition [2]. ESR
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is able to monitor the radicals liberated during thermal
decomposition of the fuel. Spatial distribution of these
radicals may be determined by moving a large flame
up and down through a cavity [3]. Model predictions
and invasive sampling measurements [4] together with
other techniques (fluoroscopy for example [5]) show a
distribution of un-decomposed hydrocarbon within the
body of a flame. MRI should be able to detect these pro-
tons in situ even though the temperature is approaching
500 K just a few millimetres into the flame. Temperature
measurements on large flames are carried out routinely,
although these, like sampling, are invasive. Flow is also
determined by particle velocimetry [6]. Detailed descrip-
tions, models, and temperature of hydrocarbon combus-
tion are available in these articles and other literature
and are not discussed further in any detail here.

Computational Fluid Dynamics software has been
corroborated by MRI flow measurements in a number
of experiments for both liquid and gas phases [7,8].
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A major use of such software packages is the design of
combustion chambers for turbines or furnaces. A meth-
ane combustion model is built into the CFD software
package used herein and, therefore, may be used to sup-
port the findings of the imaging experiment.

The Single Point Ramped Imaging with T1 Enhance-
ment (SPRITE) technique is described elsewhere in
greater detail [9]. The SPRITE family of techniques is
highly suitable for imaging of materials with very short
T1 and T �

2 or, in this case, fast flowing gases exhibiting a
short effective T �

2 due to turbulence or dispersion. These
latter two effects are more fully explored by Newling et
al. [8]. Briefly, only a single point of k-space is acquired
for each RF pulse (although see below for a variation
upon this basic theme). The gradient used to encode
the location of the point in k-space is switched prior
to the RF pulse and is maintained during both pulse
and subsequent signal acquisition. SPRITE is, therefore,
a purely phase encoded imaging technique. The single
point is acquired typically at only 150 ls after the RF
pulse. This time interval is usually termed tp. A low tip
angle is usually used because of the rapid repetition of
the pulses.

The image contrast for the SPRITE method depends
largely on the T1 of the sample and the driven steady-
state equilibrium magnetisation following a train of
pulses. The SNR per unit imaging time may be opti-
mised by careful choice of RF flip angle [10]. The advan-
tage of SPRITE is evident in materials imaging where
short T1 and T �

2 relaxation times are common. For meth-
ane at STP the T1 is 23 ms and the T2 is 21 ms. Hence
SPRITE would require only very low angle pulses be
used. However, in the case of fast moving gas (up to
2 m s�1 in this case) travelling through the probe volume
(having length 20 mm), a single proton may only experi-
ence a few RF pulses if a TR of a few milliseconds is
used. SPRITE for gas flow can therefore accept a higher
level of RF pulse amplitude than that usually calculated
from the Ernst angle relationship. Mass transport will
inevitably affect the form of the MRI signal [2]. In this
particular experiment, however, tp is sufficiently short
that flow and dispersion, which lead to phase dispersion
and hence signal attenuation in conventional imaging,
have a reduced effect upon image intensity [8]. There-
fore, the SPRITE pixel intensity is closer to the proton
magnetisation density than that of conventional MRI
methods. In using SPRITE any chemical shift informa-
tion is lost. However, we are unable to see any water va-
pour signal and therefore our images are purely from
methane gas.

This paper describes the design of a cooled probe
which is suitable for NMR combustion studies having
a relatively high calorific output. A water cooling system
is employed to keep the loop-gap resonator mechanical-
ly stable and minimise tuning drift. A methane gas jet
provides the fuel which is delivered to the burning cham-
ber enclosed by the probe. A copper extractor hood re-
moves fumes from the probe and magnet bore.
2. Methods

2.1. Probe design

There is always an upper limit to the temperature at
which an NMR probe can operate. This limit is usually
determined by the materials used for construction and
the components used for tuning the probe. Most poly-
mers soften at less than 450 K and solder will liquefy
at around 550 K. Unlike X-band ESR measurements
which employ a mechanically tuned cavity, capacitors
are usually soldered directly onto a tuned NMR probe.
Hence de-tuning due to temperature coefficients of the
capacitors, destruction of the components, or melting
of the solder joints would be likely during operation at
elevated (flame) temperatures. Heating would change
the geometry (and hence inductance) of self-supported
simple wound coils making it difficult to maintain the
tuning of a probe to resonance.

An NMR probe for combustion studies therefore re-
quires either some protection from the heat of the pro-
cess or some cooling mechanism. Thermal insulation
and other cooling methods only serve to reduce filling
factor and hence reduce sensitivity. In addition, it is
undesirable to deliver water cooling directly to the probe
coil itself because of the need to avoid signal pick up,
which may be possible for conductors carrying the RF
circuit currents and water internally. As such a low pro-
ton density is being imaged, it is essential to reduce the
likelihood of spurious signal pickup. Gas flow cooling
was also rejected because of the need to maintain a stea-
dy flame and hence the overall complexity of glasswork
required would be increased dramatically. Usually, in
MRI, it is also desirable to avoid metal structures and
plates as these give rise to eddy currents and distort
the images. However, the SPRITE imaging method is
largely immune to such effects (again, by virtue of the
short encoding time) and large area metal structures
can be used within the gradient set, allowing the incor-
poration of a heat sink into the probe design. Gravity
and the need to vent combustion products will necessar-
ily govern the geometry of any probe for combustion
studies. While a high field vertical bore magnet lends it-
self very easily to the combustion aspects, a horizontal
bore magnet was the only one available having an ade-
quate bore diameter. A loop-gap resonator design has
therefore been chosen even though at 100 MHz this
arrangement will not be optimal in terms of RF
performance.

A simplistic argument can be used to show that a
good filling factor is more desirable than keeping a
low probe temperature for best sensitivity. Noise will



P.M. Glover et al. / Journal of Magnetic Resonance 176 (2005) 79–86 81
be proportional to the square-root of probe absolute
temperature and the signal per voxel will fall approxi-
mately with the volume of the probe. Clearly the overall
SNR depends on the relationship between volume and
temperature rise caused by the sample. The heating
Fig. 1. Diagrams showing probe construction in both elevation and
plan.

Fig. 2. Photographs of probe: (A) showing end view with gas inlet and loop-
diameter poly-carbonate tube. The fume hood above the flame and part of th
RF screen is present which reduces RF coupling to the gradients as well as
due to radiation is balanced by the rate at which heat
is conducted away to a heat sink. For a centrally located
source such as a flame where much of the heat is carried
away by convection—as small a probe diameter as pos-
sible is advantageous. However, it is the flame dynamics
which will determine the diameter of the flame enclo-
sure. A viable flame in a tube requires a minimum tube
diameter due to gas expansion.

Fig. 1 shows the layout of the probe and Fig. 2 shows
photographs of the probe. The loop-gap resonator
(20 mm long · 18 mm diameter) encloses a quartz glass
tube which has an inner diameter of 16 mm. The latter
acts as a chimney where air is sucked in from the base
of the tube and hot gases are exhausted from the top
into a fume hood. Both the single-point imaging and
projection reconstruction methods used in this study
are techniques which are relatively insensitive to eddy
currents. These methods therefore allow the use of a
heat sink, consisting of a solid metal sheet and block,
within the probe, which would usually give rise to image
artifacts in MRI. The 100 MHz loop-gap resonator is
connected to the tuning components via a two-plate
transmission line which passes through a cooled brass
block. Clearly, a multi-turn solenoidal probe would give
better sensitivity. However, mechanical stability would
gap resonator enclosing quartz tube. (B) The probe mounted in 75 mm
e thin copper sheet RF screen can be seen. During operation a further
assisting in distributing any heat away from the hood area.



Fig. 4. Gas flow supply and control for flame. Also shown is fume
extraction and exhaust system.
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be difficult to achieve, leading to tuning drift. A 15 ls
RF pulse was required for a 90� pulse at 50 W RF
power. The transmission-line plates are insulated from
the block by PTFE sheet which serves two functions.
First it acts as a conductor of heat—although usually
regarded as an insulator it is sufficiently thin that it
keeps the copper cool enough to prevent damage to
the RF capacitors mounted on the back of the block.
Second it partially tunes the resonator, and parallel
capacitance here will not degrade the performance of
the probe. A circuit board is mounted on the block to
carry the discrete tuning and matching components.
The probe is connected to the spectrometer pre-amplifier
via a rigid non-magnetic coaxial cable having a PTFE
dielectric. A circuit diagram of the probe is shown in
Fig. 3. The good thermal contact between capacitors
and cooled block ensures that the tuning is not compro-
mised during high temperature operation. No re-tuning
of the probe was required between lit and unlit gas flow.
No difference in baseline thermal (Johnson) noise was
observed when the flame was lit or when the probe
was at room temperature. The whole probe assembly
was sheathed in a thin sheet copper RF screen and
placed inside a 75 mm o.d. poly-carbonate tube suitable
for insertion into the Nalorac micro-imaging gradient
set.

2.2. Gas delivery apparatus

Pure methane gas is delivered to the probe burner
through a cylinder regulator set to 2.5 p.s.i. and an
Atheson rotameter flowmeter (No. 610) and needle
valve as shown in Fig. 4. The flow gauge reading was
corrected for methane and the controlled range was
from 50 to 100 ml min�1. The un-mixed gas was deliv-
ered via either a 1 mm diameter orifice in a 5 mm diam-
eter cutting brass (CuZn40Pb2) nozzle or from a glass
tube of 1 mm i.d. and 2 mm o.d. For a methane flame
of about 20 mm height a gas flow rate of 80 ml min�1

was used, giving a nominal mean gas velocity leaving
the hole of 1.7 m s�1. A copper fume extractor hood
was mounted over the top of the glass tube and attached
to a roughing pump via a vapour trap and needle valve.
Fig. 3. Circuit diagram of probe circuit showing both physical
capacitors and effective capacitance between the plates and block.
The extraction rate was set such that the flame was just
on the point of being visibly affected by the draught
from the hood. A supply of dry (2% RH) air is intro-
duced at the sealed end of the magnet bore which en-
sured that no condensation formed on the RF
components giving rise to spurious signal. The probe
was sufficiently sensitive that signal from normal humid
air (40% RH) within the probe could be observed easily,
when there was no combustion and the dry air supply
was off. No remote method of lighting the flame was
provided. The flame was lit with the probe removed
from the polycarbonate tube and outside the magnet.
The probe was reinserted into the tube and then into
the magnet with the flame lit. The equilibrium tempera-
ture of the resonator part of the probe was reached in
just a few minutes. The cooled parts of the probe
(including the nozzle) were held within a few degrees
of room temperature.

2.3. Experimental design

The spectrometer is based on a Tecmag Apollo sys-
tem with an AMT RF amplifier, Miteq low noise pream-
plifier and three axis Techron gradient power supplies.

The imaging parameters were as follows. The RF
pulse durations used were either 5 ls (tip angle 30�) or
10 ls (60�). The interval between RF pulse and the first
single point acquisition was 150 ls. In a variation upon
the basic SPRITE sequence, subsequent (multiple)
points were sampled at a 6 ls sampling interval, for
use in signal averaging to improve SNR per unit imag-
ing time [10]. (Such a scheme may also be employed to
characterise sample T �

2.) A base, band filter bandwidth
of 63 kHz was selected. A 32 step SPRITE ramp was
used with 2 ms between steps and 32 steps in the second
dimension. A peak gradient of 98 mT m�1 was used
which gave a maximum field of view of 40 mm. The
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overall delay between ramp cycles was 50 ms. Even at
the fastest gas flow of 2 m s�1 at the orifice, the amount
of intra-voxel de-phasing was minimal. Measurement of
an effective T �

2 for the fastest flowing methane gave a
typical value of around 700 ls. From the imaging
parameters given here, the resultant images can be said
to be close to the true spin density. Using the brass noz-
zle the total imaging time was 3 h (2500 averages) for the
unlit flowing gas and 7.5 h for the flame images (a total
of 6000 averages). Using the glass tube nozzle both lit
and unlit acquisitions had 5000 averages taking 4.5 h
each.

Two-dimensional imaging was carried out where the
x-axis was a projection (i.e., no slice has been selected).
The z-axis was horizontal (magnet axis) and y-axis was
vertical. In the work described here, up to 32 points were
acquired for each RF excitation. Each of the 32 points
will yield a pure phase encoded image but with a differ-
ent field of view—scaling with effective tp value for that
image. The images are then mapped back onto a single
field of view image using a chirp Z-transform (CZT)
[11], which is described in greater detail by Halse et al.
[10].

Computational modelling of methane gas flow has
been carried out using a simplified model of the orifice
in order to make comparisons with images. The geome-
try of the brass orifice was modelled in CADKEY (Re-
lease 2, CADKEY, MA, USA) and imported into the
CFD package (CFX, Release 5.5, AEAT Technology,
Ontario, Canada). A built-in methane–air combustion
model was used to simulate the gas flow within the flame
and visualise the combustion products in CFX. The
geometry was meshed by hand, with approximately
90% smaller mesh size near the orifice and in the area
directly surrounding the combustion than at the out-
skirts of the geometry. Automatic mesh adaptation
was carried out as the simulation was run. To mimic
the conditions of the MRI measurement, in particular
the fume hood, a slight negative pressure was applied
at the top of the tube. This generated an up-draught
of 0.05–0.1 ms�1.
Fig. 5. SPRITE multiple point images showing: (A) unlit jet from
brass nozzle and (B) the lit jet. Images taken using the glass tube nozzle
showing the (C) unlit jet and (D) the lit gas. The solid white outlines
show the size of the nozzle orifice (containing un-burnt gas) in each
case. The broken white outlines show the solid brass disc, which
surrounds the brass nozzle.
3. Results

Initial examinations of the free induction decay (FID)
from both lit and unlit gas showed a signal with T �

2 val-
ues of between 150 and 700 ls (lit) and 4–10 ms (unlit).
The level of signal in the case of the lit gas was just dis-
cernible above the noise for 2 min of averaging. A short
component of signal was present which came from the
area of the circuit board, over 80 mm away from the
iso-centre and 25 kHz off resonance. This signal, proba-
bly from the epoxy used in the circuit board itself,
caused an artifact within the images, but because of
the nature of multiple point SPRITE, its spatial position
varied with tp. The artifact could therefore be removed
easily and images in which it overlapped the gas jet were
discarded.

The images (1.25 mm resolution) of four different
experimental conditions are shown in Fig. 5. The images
are projections onto a vertical–axial plane, i.e., they are
YZ images with the X plane averaged. The images show
both lit and unlit cases for the two designs of orifice. The
gas jet orifice is at the base of the image. The glass tube
orifice (Fig. 5B) produces a narrow jet of gas which only
disperses laterally by a small factor whereas the brass
orifice shows much greater dispersion (Fig. 5A). Both
gas flow rates are identical, but the brass orifice only
narrows to 1 mm internal diameter for the last 3 mm
of its length. Before this point the inlet is 2.5 mm i.d.
The total length of glass tube is 20 mm in its holder,
has a 1 mm i.d. along its whole length and thus produces
flow of a different character. Visually, the flame pro-
duced by each orifice was similar, except for the diame-
ter of the �neck� of the flame, i.e., the blue ring at the
base of the flame about 1 mm above the orifice. This
ring was approximately the diameter of the plate around
the orifice, about 2 mm in the case of the glass and 4 mm
in the case of the brass.

The images in Figs. 5B and D show the effect of light-
ing the gas. The nuclear magnetisation associated with
protons emerging from the orifice are entirely extin-
guished within a few millimeters of travel. In the case
of the glass tube, the methane can be seen in the tube



Fig. 7. Projection reconstruction image of unlit propane gas from
brass nozzle at 20 ml min�1. The nozzle is at the bottom of the picture.
The image was constructed using the Shepp-Logan back projection
filter.
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but decays away quickly except for the presence of a
small signal about 3 mm into the flame. These are the
remnants of un-dissociated methane within the outer
borders of the flame. The effective T �

2 can be determined
from FID data to be less than 200 ls. Evidence for this
result can be seen in the bulk decay characteristic of
plume and flame gas (where unburnt methane gives a
smaller, but visible FID). These decay data are shown
in Fig. 6. Examination of image in Fig. 5B shows a small
jet into the flame and a bright disk under the flame neck
and above the orifice which appears to flare like a trum-
pet bell. A number of factors lead to the conclusion that
this is a disk of gas spreading laterally across the diam-
eter of the orifice plate, rather than any signal from a
deposit on the plate. This effect is only seen when the
flame is burning. Any deposited layer is very thin and,
as the RF magnetic field is necessarily perpendicular
to the plate, then it would be difficult to see anything
on the surface. The nozzle does not get particularly
hot as the brass block underneath is held at the cooling
water temperature. Visual inspection indicates oxidised/
corroded brass at the plate, rather than proton contain-
ing compounds. No analysis has been carried out, but a
small deposit of paramagnetic copper compounds (oxi-
des or carbonates) could easily account for the small
phase shift in the signal seen in the gas at this point. In-
deed the brass susceptibility could in itself introduce a
1 kHz shift, which is of the right order. The T �

2 at this
point would reflect that of cool gas, akin to that mea-
sured for the plumes.

For non-flowing gases with a longer effective T �
2 due

to lower flow velocity (e.g., propane, for which T2 is
on the order of 490 ms), imaging methods such as pro-
jection reconstruction (PR) would be an obvious choice.
For comparison with the SPRITE images, a spin-echo
PR image of flowing propane gas with TE = 1 ms is
shown in Fig. 7. The base of the unlit plume is not vis-
Fig. 6. Free induction decays of: (A) unlit propane gas plume and (B) the p
FIDs, there is some signal with a much shorter time constant than that of th
thicker solid line is the signal model S0exp(�t/4 ms). The ordinate on both gr
14 compared to (A).
ible at all and only the slowed gas in the main body of
the tube can be seen. The nozzle velocity of the propane
was one quarter that of methane, chosen to give a sus-
tainable flame when lit. By re-scaling Fig. 5A, it is pos-
sible to see that methane gas does re-circulate around
the whole tube, in the same way as the propane, and it
is this component of the mixture which dominates the
spin-echo image.

Fig. 8 shows the results of CFD calculations for the
flame above the brass nozzle geometry. Fig. 8A sug-
gests that the methane has burnt completely (mass
fraction falls to zero) within 2 cm of the orifice in the
vertical. The figure also suggests a lateral spreading
ropane flame, in which some un-burnt gas signal is detected. In both
e gas, which is associated with the material of the probe assembly. The
aphs is the signal intensity in arbitrary units; (B) is scaled by a factor of



Fig. 8. CFD simulation of flame for comparison with image of the lit gas from the brass nozzle (seen in Fig. 5B).
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of the un-burnt gas across the face of the brass plate,
which exactly mirrors the interpretation of the MR im-
age in Fig. 5B. The unburnt gas visible in Fig. 5B is
certainly at elevated temperature, perhaps on the order
of 600 K by comparison with the calculations of Fig.
8B. The boundary conditions of the CFD calculation
were selected such that the nozzle speed of methane
gas was 1 m s�1 for comparison with the MR measure-
ments (Fig. 8C).
4. Conclusions

This paper describes the design of a novel cooled
probe based on the loop-gap resonator which is suitable
for very high temperature MRI studies. It is specifically
designed for use with single point imaging methods as
large areas of metal are present. However, the use of
other imaging methods such as projection reconstruc-
tion are not precluded, but only slow moving gas can
be successfully imaged. The probe used here for gas flow
and flame studies may be used for other combustion
studies where the calorific output is quite high. The ther-
mal noise level and probe de-tuning were not affected
unduly with this design. This design of probe has been
used at 100 MHz which is at the lower end of its efficient
usable range. Such a system would perform even better
at higher field strengths. The sensitivity of this probe
would increase at higher frequencies (up to around
300 MHz where the capacitance of the PTFE plates
would start to dominate). The axial homogeneity of
the magnet used caused the small number of residual
protons contained in the circuit board to be ob-
served—emphasising the need for very careful design
when extended RF circuits are employed. Variations
on the probe described here can be envisaged for both
higher frequency and vertical bore magnets. The latter
would be the preferred option and this will be the sub-
ject of future work involving a seed gas which will report
on combustion but not combusted or disassociated in
the flame.

In this paper, fast gas flow from a small orifice has
been imaged for the first time. Images show the (unsur-
prising) result that the gas maintains its jet like nature
for more laminar flow from the glass tube. The more
turbulent flow coming from the brass nozzle results
in a plume-like structure. The images where the gas
is lit show un-disassociated methane in only up to
3 mm from the orifice, but within the flame itself.
The methane is disassociated above 800 K and the
resulting free radicals destroy any magnetisation. A lat-
eral spreading of gas at the orifice is observed when the
brass nozzle is used—as the flame has a neck as wide
as the diameter of the nozzle plate. Molecular water
is not observed higher up in the flame, because either
the high temperature of the combustion products re-
sults in low available magnetisation, the density is far
too low, or fast removal from the probe precludes
polarisation of the water molecules (which have a long
T1 compared to methane).
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