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McLaughlin, N.B. and Campbell, A.J. 2004. Draft-speed-depth
relationships for four liquid manure injectors in a fine sandy loam
soil. Canadian Biosystems Engineering/Le génie des biosystèmes au
Canada 46: 2.1 - 2.5. Field experiments were conducted in a fine sandy
loam soil in Prince Edward Island, Canada, and repeated over two
years to determine draft-speed-depth relationships for prototype liquid
manure injectors developed for use in potato production. The injectors
were mounted on an instrumented tool bar, and draft data were
recorded using Agriculture and Agri-Food Canada=s instrumented
tractor. Measured draft ranged from 1.3 kN per injector for a narrow
point (60 mm width) injector operating at 4.0 km/h and 80 mm
nominal depth to 6.7 kN per injector for a wide split (470 mm width)
injector operating at 8.0 km/h and 160 mm nominal depth. The data
showed a small but significant speed effect. Draft prediction equations
were developed by multiple regression. Measured draft was much
higher than that calculated using ASAE data for chisel plows and field
cultivators, but were reasonably close calculations based on ASAE
data for subsoilers and manure injectors. The draft data indicate that
subsurface injection of liquid manure is practical from an energy
perspective. A tractor large enough to have adequate traction and
braking capacity to safely haul a large liquid manure spreader should
have adequate power to pull the spreader fitted with injectors in the
field.

Des prototypes d’injecteurs à lisier adaptés à la production des
pommes de terre ont été soumis à des essais au champ durant une
période de deux ans à l’Ile du Prince-Édouard au Canada sur un sol de
type loam sableux afin d’établir les relations fonctionnelles entre
l’effort de tirage et la vitesse ainsi que la profondeur d’opération. Les
injecteurs étaient montés sur une barre porte-outils instrumentée et les
valeurs d’effort de tirage ont été obtenues en utilisant le tracteur
instrumenté d’Agriculture et Agroalimentaire Canada. Les efforts de
tirage requis ont varié entre 1,3 kN par injecteur pour un injecteur à
lame étroite (60 mm) opéré à une vitesse de 4,0 km/h et à une
profondeur nominale de 80 mm, et 6,7 kN par injecteur pour un
injecteur large (470 mm) muni d’une ouverture centrale opéré à
8,0 km/h et à une profondeur nominale de 160 mm. Les données
montrent que la vitesse d’opération a un effet significatif quoique
mineur sur l’effort de tirage. Des équations de prédiction de l’effort de
tirage ont été développées par régressions multiples. Les efforts de
tirage exercés par les prototypes se sont avérés beaucoup plus élevés
que ceux provenant des données de l’ASAE pour des herses chisel
ainsi que des cultivateurs lourds mais se rapprochaient des valeurs
prédites par les modèles de l’ASAE pour les sousoleuses et les

injecteurs à lisier. Les résultats obtenus indiquent que l’injection du
lisier est une pratique acceptable du point de vue énergétique. Un
tracteur capable de fournir l’effort de traction requis et pourvu d’une
capacité de freinage sécuritaire pour opérer un épandeur à lisier de
grande capacité devrait avoir suffisamment de puissance pour
remorquer de tels épandeurs munis de ces prototypes d’injecteurs. 

INTRODUCTION

Subsurface injection or incorporation of liquid manure is
generally recommended to both control odor and reduce nutrient
losses by volatilization of ammonia. Producer acceptance of
subsurface injection is often impeded by lower spreading rate
and the perception of excessive tractor power requirements.
Draft requirements for different manure injectors have been
reported by Negi et al. (1978), Laguë (1991), and Chen (2002).
McLaughlin et al. (1997) suggested that a tractor with adequate
weight and braking capacity to safely haul a large liquid manure
spreader, particularly at elevated speeds on roads, would have
ample power to pull a spreader fitted with injectors in a field.

Recent research has investigated the potential of liquid
swine manure as a nutrient source for potato production
(Campbell 1998). The research required the development of
several prototype injectors to place the manure at specific
locations in the soil relative to the potato row. The width of
these injectors ranged from 60 mm to 470 mm. With the wide
range in injector width, one would expect substantial differences
in the injector draft and consequently, different sizes of tractors
required to pull a liquid manure spreader equipped with
injectors. Draft and power requirements for the different
injectors in soils typical of potato farms in Atlantic Canada are
required to provide a more complete information package for
recommendations on use of liquid manure in potato production.

The objective of this paper is to characterize the draft-speed-
depth relationships of the prototype injectors in a fine sandy
loam soil.

MATERIALS and METHODS

Draft measurements for four prototype liquid manure injectors
were conducted on barley stubble in different fields in fall 1999
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Fig. 1. Photographs of the four prototype liquid manure injectors: (a) Point (60 mm); (b) Nuhn (260 mm); (c) Wide

(470 mm): and (d) Split (470 mm). The injectors were fabricated from cultivator teeth and mounted on a heavy

duty chisel plow shank. Manure was supplied via a 50 mm diameter pipe behind the chisel shank. The split

injector had a horizontal rectangular tube at the rear with a hole in either end to deposit the manure on either

and 2000 at Agriculture and Agri-Food Canada research farm at
Harrington, Prince Edward Island (46°20'N, 63°09'W). The soil
was a Charlottetown series fine sandy loam (typically 600, 290,
and 110 g/kg sand, silt, and clay, respectively). The moisture
content was near field capacity in both years. For each injector,
draft measurements were made for a 9 m run at a constant speed
for each of three forward speeds (4, 6, and 8 km/h), and two
depths (80 and 160 mm). Three replicates were used. 

The different injector designs utilized standard or modified
cultivator sweeps to open a furrow and were followed by a
vertical 50 mm diameter pipe to direct the manure into the open
furrow. The four injector designs are shown in Fig. 1. and are
described in detail by Campbell (1998). The injectors were
mounted on a chisel plow shank and operated at nominal 80 and
160 mm depths. 

Draft measurements were made on single injectors mounted
on a chisel plow shank and instrumented tool bar (Fig. 2).
Injector operating depth was controlled by wheels on the tool

bar. Cylinder stops on the hydraulic cylinder for lifting the tool
bar provided a means of reaching the same depth (80 or
160 mm) for all plots. The tool bar was fitted with a parallel arm
linkage to isolate tool draft force from moments and vertical and
side forces. A strain gage load cell was mounted in the linkage
to measure the injector draft force. The tool bar was pulled with
Agriculture and Agri-Food Canada=s instrumented research
tractor (McLaughlin et al. 1993), and draft forces were logged
in the tractor data logger along with the other tractor operating
parameters. The injectors were operated Adry@ without manure.
Since the injector draft is largely for opening the furrow and
since the manure is applied in the open furrow behind the
injectors, it was assumed that the draft with or without the
application of manure would be the same.

The tractor was brought up to speed outside the plot area
and this speed was maintained throughout the plot. Draft data
were logged at 100 scans per second for the 9 m plot length.
Alignment of stakes at either end of the plot provided a visual
cue to the operator to start and stop the data logger. The tool bar
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Fig. 2. Nuhn liquid manure injector mounted on
instrumented tool bar.

was periodically unhitched from the tractor and a file was
logged under no-load conditions to monitor instrument drift. 

The mean draft for each plot was calculated from the 400 to
800 (depending on forward speed) individual draft measure-
ments logged in the 9 m plot length. These means were then
corrected for instrument drift using the zero files obtained at no
load before and after the respective in-plot measurements. The
corrected plot means were considered the dependent variable
and subjected to both analysis of variance and multiple
regression analysis using the General Linear Model (GLM)
procedure in SAS (SAS 2001). The draft data for each injector
were fitted to the standard model for tillage tool draft (ASAE
2003) given in Eq. 1. Operating depth and speed were used as
independent variables.

(1)[ ]D F A B S C S W Ti= + +* * 2

where:
D = draft (N),
Fi = soil parameter,
S = speed (km/h),
T = operating depth (mm),
W = number of tillage tools (one injector the present

case), and
A, B, C = regression coefficients.
The Fi term was set equal to 0.85, the value for medium

textured or loam soils given by ASAE (2003) for chisel plow
and field cultivators. These are the two implements most closely
resembling the injectors. Thus, the calculated coefficients, A, B,
and C will bear a one-to-ten relationship with those reported in
ASAE (2003) as the operating depth in Eq. 1 is in millimetres
while the operating depth in the ASAE equation is in
centimetres. The model is linear in depth and has a quadratic
speed term. Some models for tillage tool draft use a quadratic
depth term. Only two nominal operating depths were used in the
present experiment, and therefore it would not be appropriate to
use a quadratic depth term. The general philosophy of Allen and

Cady (1982) was used for polynomial model fitting where a
sequence of models with increasing powers of the independent
variables were fitted until the coefficient for the highest power
of the independent variable was not significant. Data for each
injector were fitted to a separate model.

RESULTS and DISCUSSION

Injector draft ranged from 1.3 kN per injector for the 60 mm
wide chisel point at 80 mm depth and 4 km/h to 6.7 kN per
injector for the 470 mm wide split injector at 160 mm depth and
8 km/h. These values are in the range of injector drafts reported
by Laguë (1991) and Negi et al. (1978).

Analysis of variance (statistics not shown) revealed that
speed, depth, and injector width were all highly significant (P <
0.01). The injectors were a modified chisel plow point or
cultivator sweep with width ranging from 60 mm for the chisel
point to 470 mm for the wide and split injectors. It is well
known that draft for cultivator sweeps is a function of depth,
speed, and sweep width (ASAE 2003), so it was expected that
these factors would all be significant.

  The year had a small but significant effect (P < 0.01); the
mean draft for all injectors, speeds, and operating depths was
about 6% higher in 1999 than in 2000. The experiment was
conducted in barley stubble both years, but in a different field
each year. Soil physical conditions vary from field to field
within a given soil classification, so it is not surprising that the
drafts were different. Data from the two years and three
replicates were pooled prior to fitting the draft data to regression
models to provide opportunity for a wider application of the
regression models. The coefficient of variation (CV) of the
pooled draft data for a given injector, depth, and speed
combination was usually less than 5%, and always less than
10%. These small values are an indication that methodology for
injector draft measurement provided adequate control over
injector operating conditions to isolate the depth and speed
factors. The CV’s are well within the normal range of variability
for tillage tool draft measurements (ASAE 2003).

The coefficients and their standard errors for the regression
models are given in Table 1. The depth and the depth*speed
interaction terms were both highly significant (P < 0.01) for all
four injectors. However, in all cases, the quadratic term
(depth*speed2) was not significant (P > 0.05). Therefore, the
models were truncated after addition of the depth*speed
interaction term as recommended by Allen and Cady (1982). It
is noted that the coefficient for the quadratic term given by
ASAE (2003) is also zero for the chisel plow and field
cultivator. The quadratic coefficient is present for the
subsoiler/manure injector in ASAE (2003), but the speed*depth
coefficient here is zero.

The depth and depth*speed regression coefficients for the
point injector are respectively about 25 and 300% higher than
those given by ASAE (2003) for the 50 mm straight point chisel
plow. Similarly, the coefficients for the Nuhn wide and split
injectors are much higher than for the field cultivator in ASAE
(2003). As the ASAE data are generic and the dimensions of the
cultivator sweeps are not given, a true comparison is not
possible. Also, chisel plows and field cultivators generally have
multiple gangs for residue clearance. Tillage tools near the rear
of the implement are operating in soil partially tilled by the
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Table 1. Coefficients and standard errors of the estimate for

regression models† for draft of four prototype liquid
manure injectors in a fine sandy loam soil.

  

Injector
Furrow
width
(mm)

Regression coefficients
R2§

A B

Mean SD Mean SD

Point
Nuhn
Wide
Split

60
260
470
470

11.5
22.8
27.3
29.8

1.19
2.79
2.66
1.68

1.6
2.1
2.2
2.4

0.19
0.45
0.43
0.27

0.957
0.909
0.934
0.970

† Regression equation: D = 0.85[A*T + B*T*S]WT   (See Eq. 1)
§ R2 is based on reduction of variance about the mean:

  ( )R ESS y yi
i

n
2 2

1
1= − −

=
∑/

tillage tools on the front gang. Total machine draft is therefore
likely smaller than the product of the number of tillage tools and
the draft for a single tool operating in undisturbed soil. The
single manure injector on the instrumented tool bar mimics a
single toolbar usually used for injectors mounted on the rear of
liquid manure spreaders where all injectors are operating in
undisturbed soil. One might expect a slightly higher draft for
injectors running in the tractor and/or manure spreader wheel
tracks.

Draft for the 270 wide mm Nuhn injector calculated from
Eq. 1 with the respective coefficients from Table 1 was about 7
to 15% higher than that calculated using the ASAE (2003)
coefficients for a 300 mm winged point manure injector over the
range of speed and depth studied. However, draft for the point
injector calculated with the respective coefficients in Table 1
was about 12-15% lower than that using the ASAE coefficients
for a narrow point manure injector. These are well within
acceptable limits considering that the ASAE data are intended
for a broad class of soils and that the expected range is 50%
(ASAE 2003).

The draft for the split injector was higher than for the wide
injector even though the furrow width (470 mm) was the same
(Table 1). Both injectors were modifications of the same
cultivator sweep. In each case, a steel plate was welded to the
trailing edge of the cultivator sweep to provide a cover under
which the manure could be deposited. In the wide injector, the
transition from the sweep to the cover was smooth (Fig. 1c).
However, in the spit injector, there was an approximately
15 mm high step between the profile of the cultivator sweep and
the cover plate (Fig. 1d) which would tend to Abulldoze@ the soil
as it flowed over the injector surface resulting in the observed
higher draft. This points out the need to pay careful attention to
the principles of tillage tool design when fabricating liquid
manure injectors.

In a previous experiment, mean draft for a full 18 m3 liquid
manure spreader configured for surface spread (splash plate)
and weighing 235 kN was 13.9 kN for flotation tire running
gear (McBride et al. 1999). At a nominal field speed of 8 km/h,
and operating depth of 160 mm additional draft for four 470 mm

wide injectors calculated via Eq. 1 would be 24.4 kN for a total
draft of 38.3 kN. Mean drawbar power at 8 km/h would be
85.1 kW. This worst case scenario of injector width, depth, and
forward speed would require a tractor with engine power in
excess of 100 kW which would be toward the upper end of
tractor sizes normally employed on potato farms in Atlantic
Canada. Safety is a concern when hauling large heavy manure
spreaders. A tractor with sufficient power, weight, and braking
capability to safely pull a large liquid manure spreader on roads
should be able to pull it in the field when injectors are used.

CONCLUSIONS

Draft-speed-depth relationships were established for prototype
liquid manure injectors developed for research in potato
production in a sandy loam soil. Measurements were made on
individual injectors using an instrumented tool bar and
Agriculture and Agri-Food Canada’s instrumented tractor. Draft
for the different injector designs ranged from 1.3 kN per injector
for a 60 mm point injector at 80 mm depth and 4 km/h to 6.7 kN
for a 470 mm wide split injector at 160 mm depth and 8 km/h.
There was about a six percent difference in injector draft
between the two years over which the measurements were
made. Travel speed had a small but significant effect with
higher injector draft at higher speeds. Draft prediction equations
were developed using the equation form provided for estimating
draft of tillage equipment in ASAE(2003) standard D497.4. The
injectors were based on modified chisel plow points and field
cultivator sweeps, but the coefficients for regression equations
were much larger than those reported for chisel plow or field
cultivators in the ASAE standard. Measured draft for 60 and
270 mm wide injectors was within 15% of that calculated using
coefficients provided by the ASAE standard for subsoilers and
manure injectors. Tractor power calculated for the worst case
scenario of a 18 m3 manure spreader fitted with four 470 mm
wide injectors at 160 mm depth and 8 km/h forward speed was
in excess of 100 kW and is near the upper end of tractor sizes
normally employed on potato farms in Atlantic Canada.
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