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This is a control volume analysis to examine the flow rate of irrigation fluid according to the size of
indwelling catheter and the height of the fluid bag in consideration of the temperature of irrigation
fluid and intra-bladder pressure during continuous bladder irrigation. In case of minimum bladder
pressure with room temperature, the flow rates were - 0.045 to 0.993 cc/sec for 18Fr, - 0.053 to
1.176 cc/sec for 20Fr, - 0.055 to 1.227 cc/sec for 22Fr, and - 0.055 to 1.243 cc/sec for 24Fr. In case of
maximum bladder pressure with room temperature, the flow rates were - 0.180 to 0.868 cc/sec for
18Fr, -0.212 to 1.028 cc/sec for 20Fr, - 0.220 to 1.072 cc/sec for 22Fr, and - 0.223 to 1.086 cc/sec for
24Fr. In case of minimum bladder pressure with cold fluid, the flow rates were - 0.028 to 0.365 cc/sec
for 18Fr, - 0.033 to 0.749 cc/sec for 20Fr, - 0.034 to 0.781 cc/sec for 22Fr, and - 0.035 to 0.791 cc/sec
for 24Fr. In case of maximum bladder pressure with cold fluid, the flow rates were - 0.112 to 0.553 cc/
sec for 18Fr, - 0.131 to 0.653 cc/sec for 20Fr, -0.137 to 0.681 cc/sec for 22Fr, and - 0.139 to 0.689 cc/sec
for 24Fr. This study is significant in that it utilized a fluid dynamics approach to provide basic data for
continuous bladder wash care. Through the findings of this study, nurses can plan the exchange time
of irrigation fluid and the pattern of urinary drainage when performing continuous bladder irrigation.
Itis also inferred that there may be an advantage in not having to calculate additional material costs
for using an infusion pump for patients by determining the hourly injection rate of irrigation fluid
based on the height of the infusion set’s drop chamber.

With South Korea being an aged society, the incidence of aging-related urological conditions, such as benign
prostate hyperplasia (BPH) and urinary incontinence’, has increased. The main symptoms of urological diseases
include voiding disorder or bladder hemorrhage, and bladder hemorrhage should be monitored, particularly
after surgeries or procedures such as transurethral resection of the prostate (TURP) and open prostatectomy>.
Patients who are anticipated to develop bladder hemorrhage or those who have developed it undergo intermit-
tent or continuous bladder irrigation (CBI) through indwelling catheters to prevent and remove thrombi in the
bladder®**.

Nurses who provide care to patients with an indwelling catheter replace indwelling catheters, irrigate bladders,
train bladders, and provide perineal care, with care related to bladder irrigation accounting for approximately
35% of nursing care provided to urological inpatients’. To irrigate the bladder effectively, the nurse considers a
variety of factors, such as irrigation fluid, size of the indwelling catheter, and height of irrigation fluid®. Normal
saline (NS) at room temperature is generally used for bladder irrigation to prevent bladder spasms and water
intoxication®’, and cold saline (4 °C) may be used to reduce hemorrhage through vasoconstriction in cases of
severe bladder hemorrhage!?. CBI is generally performed using a three-lumen catheter®!!, with an 18Fr catheter
for patients without severe hematuria and a 22Fr catheter for those expected to develop severe hematuria®.

The flow rate for CBI should be considered to prevent and remove bladder thrombosis'>. During CBIL, the
nurse checks the continuous removal of irrigation fluid to maintain the color of urine at soft pink or colorless',
and if hematuria increases or massive thrombosis is observed, the flow rate is adjusted by consulting with a
physician®. The flow rate refers to the volume of fluid flowing per unit time, and most bladder irrigation guidelines
recommend increasing the flow rate in cases of massive thrombosis observed in the drained urine and increasing
the flow rate by elevating the fluid bag®. However, the height of the fluid bag and flow rate are not specified in
these guidelines, which hinders nurses from accurately adjusting the flow rate, and many nurses only passively
monitor the flow rate or estimate it based on their experiences'.
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Moreover, Reichelt et al.'* reported that approximately 50% of urological inpatients undergo bladder irriga-

tion, showing that bladder irrigation accounts for a substantial percentage of nurses’ work. Furthermore, criti-
cal patients are at risk of developing hemodynamic instability during bladder irrigation; therefore, the nurse
pays considerable attention to adjusting the flow rate and uses medical equipment such as an infusion pump or
pressure infuser bag to lessen their burden of adjusting the flow rate®>. However, the use of infusion pumps or
pressure infuser bags for urological procedures is only reimbursed in limited conditions in which the flow rate is
adjusted to secure the field of view when removing ureter stones. Hence, using infusion pumps for adjusting the
flow rate during a regular bladder irrigation is not favorable in terms of cost for the hospital as well as patients'.

Most past studies on the flow rate during CBI have analyzed the variations in flow rate by the size of indwell-
ing catheter. Chang et al.'? presented the height of fluid bag as a predictor of flow rate and measured flow rates
by altering the height of the fluid bag by 20 cm from the height of the bladder to 140 cm. The study found that
there are no changes in the flow rate from 80 cm. However, one limitation of the study by Chang et al.!? is that
the authors used Bernoulli’s equation, which did not consider friction, despite the predominant flow within the
tube. Moreover, Bernoulli’s equation must be used for a steady flow, but the study mentioned above included
unstable flow in the area connecting the fluid bag to the irrigation infusion set. Additionally, different irriga-
tion fluids are used in clinical practice depending on the patient, and the nurse performs bladder irrigation in
consideration of various factors such as the temperature of the fluid and intra-bladder pressure. Nevertheless,
previous studies have not reflected these clinical situations. Braasch et al.!° emphasized the importance of the
diameter of indwelling catheters in increasing the flow rate and experimented with the fluid bag fixed at 80 cm.
However, they did not present evidence of their choice of fluid bag height. Mohammadi® also analyzed flow rates
using Bernoulli’s equation but did not consider friction in their analysis.

Studies that utilize fluid mechanics present practical evidence and are used for reference in several fields, such
as automotive, aerospace, manufacturing, construction, medicine, and pharmacy, as well as for the implemen-
tation of social distancing measures'’-'. Flow rate and pressure were studied in nursing in relation to wound
irrigation??. Analyzing the variations in the flow rate according to the height of the fluid bag during CBI helps
reduce nurses’ subjective judgments and specify the flow rate recommendations in guidelines, which allows
nurses to perform bladder irrigation more effectively in clinical practice. In this context, this study aims to analyze
the flow rate according to the height of the fluid bag for different indwelling catheter sizes, in consideration of
fluid temperature and intra-bladder pressure, eventually presenting foundational data for flow rate adjustment
during CBI.

Results

The flow rates were analyzed for different sizes of indwelling catheters and heights of irrigation infusion sets
using room-temperature and minimum bladder pressure at resting supine position. At all sizes, the lowest flow
rate was at a height of 0 cm, and the highest was at 120 cm. A negative flow rate indicates that irrigation fluid
is regurgitating due to a stronger force from the bladder to the irrigation infusion set compared with the force
from the irrigation infusion set to the bladder because of intra-bladder pressure.

Analysis of flow rate with room temperature fluid (22 °C 0.9% NS) by the height of the irriga-
tion infusion set

In case of minimum bladder pressure (5 cmH,0), the flow rates were —0.045 to 0.993 cc/sec for 18Fr,—0.053
to 1.176 cc/sec for 20Fr, —0.055 to 1.227 cc/sec for 22Fr, and - 0.055 to 1.243 cc/sec for 24Fr (Table 1) (Fig. 1A).
In case of maximum bladder pressure (20 cmH,0), the flow rates were —0.180 to 0.868 cc/sec for 18Fr,—0.212
to 1.028 cc/sec for 20Fr, —0.220 to 1.072 cc/sec for 22Fr, and — 0.223 to 1.086 cc/sec for 24Fr (Table 2; Fig. 1B).

Flow rate (cc/s)
Height (m) 18Fr 20Fr 22Fr 24Fr
0 -0.045 | -0.053 | —0.055 | —0.055
0.1 0.045 0.053 0.055 0.056
0.2 0.134 0.158 0.165 0.167
0.3 0.222 0.262 0.273 0.277
0.4 0.310 0.366 0.382 0.386
0.5 0.398 0.469 0.489 0.495
0.6 0.484 0.572 0.596 0.604
0.7 0.570 0.674 0.703 0.712
0.8 0.656 0.776 0.809 0.819
0.9 0.741 0.877 0.914 0.926
1.0 0.826 0.977 1.019 1.032
1.1 0.910 1.077 1.123 1.138
1.2 0.993 1.176 1.227 1.243

Table 1. The flow rates for room temperature fluid and minimum bladder pressure by the height of the
irrigation infusion set.
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Figure 1. (A) The flow rates for different sized of indwelling catheters with room temperature fluid (22 °C 0.9%
NS) and minimum bladder pressure (5 cmH,0) by the height of the irrigation infusion set. (B) The flow rates
for different sized of indwelling catheters with room temperature fluid (22 °C 0.9% NS) and maximum bladder
pressure (20 cmH,0) by the height of the irrigation infusion set.

Analysis of flow rate with cold fluid (4 °C 0.9% NS) by the height of the irrigation infusion set
In case of minimum bladder pressure (5 cmH,0), the flow rates were — 0.028 to 0.365 cc/sec for 18Fr,—0.033
to 0.749 cc/sec for 20Fr, —0.034 to 0.781 cc/sec for 22Fr, and - 0.035 to 0.791 cc/sec for 24Fr (Table 3) (Fig. 2A).
In case of maximum bladder pressure (20 cmH,0), the flow rates were —0.112 to 0.553 cc/sec for 18Fr,—0.131
t0 0.653 cc/sec for 20Fr, - 0.137 to 0.681 cc/sec for 22Fr, and —0.139 to 0.689 cc/sec for 24Fr (Table 4; Fig. 2B).
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Flow rate (cc/s)
Height (m) 18Fr 20Fr 22Fr 24Fr
0 -0.180 | -0.212 | -0.220 | -0.223
0.1 -0.089 | -0.105 | —0.109 | -0.111
0.2 0.001 0.001 0.001 0.001
0.3 0.090 0.106 0.111 0.112
0.4 0.179 0.211 0.220 0.223
0.5 0.267 0.315 0.328 0.332
0.6 0.355 0.419 0.436 0.442
0.7 0.442 0.521 0.544 0.550
0.8 0.528 0.624 0.650 0.659
0.9 0.614 0.726 0.757 0.766
1.0 0.699 0.827 0.862 0.873
1.1 0.784 0.928 0.967 0.980
1.2 0.868 1.028 1.072 1.086

Table 2. The flow rates for room temperature fluid and maximum bladder pressure by the height of the
irrigation infusion set.

Flow rate (cc/s)
Height (m) 18Fr 20Fr 22Fr 24Fr
0 -0.028 | -0.033 | —-0.034 | -0.035
0.1 0.028 0.033 0.035 0.035
0.2 0.084 0.099 0.103 0.104
0.3 0.140 0.165 0.172 0.174
0.4 0.195 0.230 0.240 0.243
0.5 0.251 0.296 0.308 0.312
0.6 0.306 0.361 0.376 0.381
0.7 0.361 0.426 0.444 0.449
0.8 0.416 0.491 0.511 0.518
0.9 0.471 0.556 0.579 0.586
1.0 0.526 0.620 0.646 0.655
1.1 0.580 0.685 0.714 0.723
1.2 0.635 0.749 0.781 0.791

Table 3. The flow rates for cold fluid and minimum bladder pressure by the height of the irrigation infusion
set.

Comparison of flow rate according to the size of indwelling catheter and height of irrigation
infusion set

At all sizes of the indwelling catheter used in this study (18-24Fr), the flow rate significantly increased with
increasing height of irrigation infusion set when room-temperature fluid (22 °C 0.9% NS) was used, compared
with cold fluid (4 °C 0.9% NS). Furthermore, at all sizes of the indwelling catheter, the flow rate significantly
increased with increasing height of the irrigation infusion set in the lower bladder pressure condition (Sup-
plement 1; Tables 1, 2, 3, 4). For the comparison of flow rate increase with respect to height, we compared the
average flow rate increase when irrigation infusion set’s height increased from 0.2 m to 1.2 m. The reason for
calculating the average flow rate increase from 0.2 m is that irrigation infusion set’s height does not backflow in
all analysis cases, and in the real clinical environment, a height of less than 0.2 m is practically impossible. At
room temperature and low pressure, the average flow rate increase per unit meter of height for 18Fr is 0.859 cc/
sec m, for 20Fr is 1.018 cc/sec m, for 22Fr is 1.062 cc/sec m, and for 24Fr is 1.076 cc/sec m. At room temperature
and high pressure, the average flow rate increase per unit meter of height for 18Fr is 0.867 cc/sec m, for 20Fr is
1.027 cc/sec m, for 22Fr is 1.071 cc/sec m, and for 24Fr is 1.085 cc/sec m. At cold temperature and low pressure,
the average flow rate increase per unit meter of height for 18Fr is 0.551 cc/sec m, for 20Fr is 0.650 cc/sec m, for
22Fr is 0.678 cc/sec m, and for 24Fr is 0.687 cc/sec m. At cold temperature and high pressure, the average flow
rate increase per unit meter of height for 18Fr is 0.552 cc/sec m, for 20Fr is 0.652 cc/sec m, for 22Fr is 0.680 cc/
sec m, and for 24Fr is 0.688 cc/sec m.
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Figure 2. (A) The flow rates for different sized of indwelling catheters with cold fluid (4 °C 0.9% NS)
and minimum bladder pressure (5 cmH,0) by the height of the irrigation infusion set. (B) The flow rates
for different sized of indwelling catheters with cold fluid (4 °C 0.9% NS) and maximum bladder pressure
(20 cmH,0) by the height of the irrigation infusion set.

Validity of the assumption of laminar flow

In terms of the assumption of laminar flow of the irrigation fluid based on the size of indwelling catheter and
height of irrigation infusion set for 22 °C 0.9% NS and minimum (5 cmH,0) and maximum (20 cmH,O) bladder
pressures at resting supine position, the results showed that theReynolds number from the point at % height of
the drip chamber to the end of the irrigation infusion set (points 1 and 2 of the analysis target) were all below
2100. This indicates that the assumption of laminar flow is satisfied. Furthermore, the Reynolds number from
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Flow rate (cc/s)
Height (m) 18Fr 20Fr 22Fr 24Fr
0 -0.112 | -0.131 | -0.137 | -0.139
0.1 —-0.055 | -0.065 | —0.068 | —0.069
0.2 0.001 0.001 0.001 0.001
0.3 0.057 0.067 0.069 0.070
0.4 0.112 0.132 0.138 0.140
0.5 0.168 0.198 0.206 0.209
0.6 0.224 0.264 0.274 0.278
0.7 0.279 0.329 0.343 0.347
0.8 0.334 0.394 0.410 0.416
0.9 0.389 0.459 0.478 0.484
1.0 0.444 0.524 0.546 0.553
1.1 0.499 0.589 0.613 0.621
1.2 0.553 0.653 0.681 0.689

Table 4. The flow rates for cold fluid and maximum bladder pressure by the height of the irrigation infusion
set.

the end of the irrigation infusion set to that of the indwelling catheter in the same conditions (points 2 and 3 of
the analysis target) were all below 2100, indicating that the assumption of laminar flow is satisfied.

Discussion

This study analyzed the flow rate of irrigation fluid based on the height of the irrigation infusion set for different
sizes of indwelling catheters, considering the temperature of the irrigation fluid and the bladder pressure during
CBI using the friction-adjusted Bernoulli equation. The main findings are discussed below.

First, when the temperature of the irrigation fluid, bladder pressure, and height of the irrigation infusion set
are held constant, the flow rate increases with the increasing diameter of the indwelling catheter. These results
are consistent with previous findings>!»'%* showing a positive relationship between catheter size and flow rate,
which enables the effective elimination of urine, including thrombosis in the bladder. Based on the friction-
adjusted Bernoulli’s equation used in this study, the flow rate of the irrigation fluid entering the bladder is directly
proportional to the diameter of the indwelling catheter.

Second, under the same intra-bladder pressure, size of indwelling catheter, and height of the fluid bag, the
flow rate into the bladder is greater with room-temperature NS than cold saline. Most past studies®!»'>** have
calculated the flow rate during CBI using room-temperature NS. However, given that irrigation fluids at varying
temperatures are used in clinical practice depending on the patient’s state, it is necessary to examine flow rates
when using irrigation fluids at varying temperatures. As the viscosity of the fluid plays a role in fluid flow, and
lower temperatures increase the viscosity of the irrigation fluid, our results suggest that the flow rate decreases
when using cold saline due to increased viscosity and consequently increased friction within the irrigation infu-
sion set. Consequently, a decrease in temperature results in increased frictional forces within the irrigation infu-
sion set. These findings suggest that while using cold saline during CBI, as recommended in relevant guidelines,
may help reduce bleeding by stimulating vasoconstriction'”, it is important to consider the potential trade-off of a
decreased flow rate, which may prolong the duration of bladder irrigation. In clinical practice, CBI is performed
using cold 0.9% NS in cases of severe bladder hemorrhage to stimulate vasoconstriction of the bladder mucosa
and reduce thrombus formation'’, however, it may be more effective to utilize 0.9% NS at room temperature
to increase the irrigation flow rate into the bladder, if removing clots from bleeding is more important!+?*%.

Third, with the same temperature of the irrigation fluid, size of indwelling catheter, and height of the fluid bag,
the flow rate into the bladder is greater with lower intra-bladder pressure. If the purpose of CBI is to eliminate
blood clots and urine in the bladder, nurses should consider the patient’s bladder pressure as well as both the size
of the indwelling catheter and the height of the irrigation infusion set to facilitate more efficient delivery of the
irrigation fluid. Intra-bladder pressure can vary depending on factors such as bladder sensitivity, compliance,
stability of the detrusor muscle, maximum bladder capacity, patient position, and bladder and urological condi-
tions such as prostatic obstruction or neurogenic bladder**?’. Therefore, it is important for nursing guidelines
related to CBI to incorporate various bladder pressure scenarios and establish a minimum height for the irriga-
tion infusion set accordingly.

Fourth, increasing the height of the irrigation infusion set led to a higher flow rate of the irrigation fluid
into the bladder, even when considering the temperature of the fluid, bladder pressure, and catheter size. These
results align with Chang et al.'?, who observe a continuous increase in flow rate up to a height of 80 cm, but
differ from their report of a decrease in infusion rate beyond that height. Notably, our study revealed that when
the irrigation infusion set height matched that of the bladder or was below 10 cm, the irrigation fluid refluxed
from the bladder towards the catheter, which was not reported in previous studies®'"?*. This discrepancy can be
attributed to previous studies using model bladders and setting the bladder pressure to atmospheric pressure,
instead of considering the actual bladder pressure in humans, when calculating or experimenting with bladder
irrigation flow rate. Consequently, increasing the height of the irrigation infusion set can be an effective approach
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for nurses to enhance the flow rate of the irrigation fluid, and the duration of irrigation can be estimated based
on our findings, highlighting measures to promote efficient work time management.

Fifth, the Reynolds number was calculated to ensure the validity of the assumption of laminar flow during
CBI based on the height of the irrigation infusion set; the Reynolds number was below 2100 for all areas of the
target of analysis, thereby confirming laminar flow. This finding confirms that the flow rate of CBI using 0.9%
NS can be easily calculated using Bernoulli’s equation that considers friction. The flow rates of different types of
irrigation fluids for CBI can also be calculated using this equation based on fluid density and viscosity, length
and inner diameter of irrigation infusion set, length and inner diameter of indwelling catheter, and intra-bladder
pressure as well as the height of the fluid bag if the irrigation fluid demonstrates laminar flow.

This study has the following limitations. We used 0.9% NS as the irrigation fluid for CBI, but different types
of fluids, such as antibiotics solutions, may be used in clinical practice for pharmacological treatment purposes,
as opposed to achieving hemostasis. Hence, the study could not explore the application of various types of irri-
gation fluids. Another limitation is that only the minimum and maximum bladder pressures in resting supine
position in adults were used for the friction-adjusted Bernoulli’s equation, without considering different bladder
pressures observed in other diseases.

Conclusion

This study aimed to analyze the characteristics of flow during CBI according to the height of the fluid bag and
size of indwelling catheter, while considering the temperature of the fluid and intra-bladder pressure, to provide
foundational data for CBI. The results showed that at all sizes of the indwelling catheters, flow rate significantly
increased with increasing height of irrigation infusion set in both cases using room-temperature fluid (22 °C
0.9% NS) and cold fluid (4 °C 0.9% NS) as well as in cases of minimum (5 cmH,0) and maximum (20 cmH,0)
bladder pressures. When the height of the fluid bag was constant, flow rate was higher with a room-temperature
(22°C) 0.9% NS than with cold (4 °C) NS at all sizes of indwelling catheters. Through the findings of this study,
nurses can plan the exchange time of irrigation fluid and the pattern of urinary drainage when performing con-
tinuous bladder irrigation. It is also inferred that there may be an advantage in not having to calculate additional
material costs for using an infusion pump for patients by determining the hourly injection rate of irrigation fluid
based on the height of the infusion set’s drop chamber. Based on the results of this study, we present the following
recommendations. Subsequent studies should analyze the flow rates of various bladder irrigation fluids used for
purposes other than to achieve hemostasis, such as pharmacological treatment. Additionally, it is important to
analyze the flow rates of irrigation fluids during CBI while considering varying levels of bladder pressure observed
in different diseases and patient states.

Methods

Study design

This is a control volume analysis to examine the flow rate of irrigation fluid according to the size of indwelling
catheter and the height of the fluid bag in consideration of the temperature of irrigation fluid and intra-bladder
pressure during CBI.

Subject of interpretation

The subject of this study is the irrigation infusion sets and indwelling catheters. The irrigation infusion set and
indwelling catheter are connected in a straight line, and the end of the indwelling catheter is connected to the
bladder. Figure 3 illustrates the subject of interpretation in detail.

Irrigation fluid

As the density and viscosity of fluid are altered by temperature®!, the temperature of the irrigation fluid during
CBI alters the flow rate. In this study, we used 0.9% NS as the irrigation fluid and examined two common tem-
perature conditions used for CBI: room temperature (22 °C) and cold (4 °C)*'°.

Irrigation infusion set
A general irrigation infusion set (Sewoon Medical Co., Ltd) certified by the Korea Standard was used (KS P ISO
8536-4).

Height of irrigation infusion set

The fluid bag changes shape as the volume of irrigation fluid decreases over time. Considering the limitations
of examining the flow rate between the spike and drip chamber using a friction-adjusted Bernoulli’s equation
due to the fluctuating flow in this area, the height of the irrigation infusion set was changed from the height at
half the level of the drip chamber to that of the bladder region where the indwelling catheter is inserted, which
is the space in which the flow rate is steady.

Indwelling catheter
We used (Yushin Medical Co. Ltd) 18Fr, 20Fr, 22Fr, and 24Fr three-lumen catheters, as these are the common
sizes used for bladder irrigation.

Connection between the irrigation infusion set and the indwelling catheter
In this study, the irrigation infusion set and indwelling catheter were each analyzed using the friction-adjusted
Bernoulli’s equation. The midpoint of the drip chamber in the irrigation infusion set was set as point 1, and the
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Point 1.

N\

Figure 3. System of continuous bladder irrigation. Point 1: The midpoint of the drip chamber in the irrigation
infusion set, Point 2: The irrigation infusion set connects to the indwelling catheter, Point 3:The end point

of the indwelling catheter, Irrigation fluid: 22 °C (p =1004.6 kg/m?, v=0.00102 Pa s), 4 °C (p=1006 kg/
m?,v=0.00163493 Pa s), Intra-bladder pressure at a resting supine position in adult: minimum pressure

5 cmH,0 (=490.319 Pa), Maximum pressure 20 cmH,O (=1961.276 Pa), Indwelling catheter (Three-lumen
catheter): 18-24Fr, Height of irrigation infusion set: 10 cm from 0 to 120 cm.

point where the irrigation infusion set connects to the indwelling catheter was set as point 2. Point 2 strictly refers
to the end portion of the irrigation infusion set. In this study, the friction-adjusted Bernoulli’s equation applied
to the irrigation infusion set and the friction-adjusted Bernoulli’s equation applied to the indwelling catheter
was linked to analyze the entire target of analysis using a characteristic equation. Therefore, it is important to
ensure an appropriate fluid dynamics approach for the boundary between the irrigation infusion set and the
indwelling catheter. In terms of pressure, since the irrigation infusion set and the indwelling catheter are physi-
cally connected, the pressure at the end point of the irrigation infusion set is equal to that at the starting point
of the indwelling catheter. However, velocity is changed at the point where the irrigation infusion set and the
indwelling catheter meet, as two tubes with different diameters are connected. In other words, the velocity at
the end portion of the irrigation infusion set differs from that at the starting portion of the indwelling catheter.
This velocity difference is determined by the continuity equation (mass conservation equation), and the friction-
adjusted Bernoulli’s equation applied to the irrigation infusion set and the friction-adjusted Bernoulli’s equation
applied to the indwelling catheter are fluid-dynamically connected through the continuity equation. Finally, the
end point of the indwelling catheter that is connected to the bladder was set as point 3.

Intra-bladder pressure
The pressure of the bladder into which fluid is flown was set at the minimum pressure (5 cmH,0) and maximum
pressure (20 cmH,0) at a resting supine position in adults”.

Data collection
The study data were collected through a literature review, information provided by the manufacturer, and direct
measurements. The specific parameters are described below.

Density and viscosity of irrigation fluid

The density and viscosity of the irrigation fluid were obtained from existing literature The density (p) and viscos-
ity (u) of 0.9% NS at 22 °C were 1004.6 kg/m® and 1.020e™3 Pa s, respectively, and that of 0.9% NS at 4 °C were
1006.0 kg/m® and 1.635¢7° Pa s, respectively®.

Length and inner diameter of irrigation infusion set

In this study, a KS-certified irrigation infusion set (Sewoon Medical Co., Ltd) was chosen, and the length of the
irrigation infusion set was measured by obtaining the length of the drip chamber and tube of irrigation infusion
set presented by the KS medical product (KS P ISO 8536-4) details. The length of the drip chamber and tube were
4 cm and 170 cm, respectively. The inner diameters of the irrigation infusion set drip chamber and tube are not
provided by KS medical products (KS P ISO 8536-4); therefore, it was measured using a digital caliper (Guilin
Guanglu Measuring Instrument Co., Ltd.). The inner diameter of the irrigation infusion set was measured twice
using a digital caliper and averaged. The averaged inner diameter of the drip chamber (d;) was 13.05 mm, and
that of the tube (d,) was 1.81 mm.
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Height from the bladder to the irrigation infusion set
With reference to the height of the fluid bags proposed in previous studies>'?, the height of the irrigation infusion
set in this study varied by 10 cm from 0 to 120 cm to analyze the flow rates according to the height.

2,12

Length and inner diameter of indwelling catheter

The length of the indwelling catheter was taken from the product information provided by the manufacturer
(Yushin Medical Co. Ltd). The length of the 18Fr, 20Fr, 22Fr, and 24Fr catheters was set to 40 cm (L.). The inner
diameter of the indwelling catheter is not provided by the KS medical product information and manufacturer,
so it was measured using a digital caliper. The inner diameter of the irrigation port of the indwelling catheter
was measured twice using a digital caliper and averaged. The averaged inner diameter of the indwelling catheter
(d;) was 1.40 mm (18Fr), 1.58 mm (20Fr), 1.64 mm (22Fr), and 1.66 mm (24Fr).

Intra-bladder pressure
Intra-bladder pressure at resting supine position in adults (P;) was obtained from the literature. The minimum
pressure was 490.3 Pa (5 cmH,0), and the maximum pressure was 1961 Pa (20 cmH,0)%.

Data analysis

Assumptions

For the friction-adjusted Bernoulli’s equation used in this study to be valid, the assumptions of incompressible
flow, steady state, and no energy transfer with the surroundings must be satisfied for the total analysis domain.
The assumption of incompressible flow is satisfied because the fluid used in this study is physiological saline
solution in liquid state (at 22 °C or 4 °C), and to exhibit compressibility, the fluid requires velocities close to the
speed of sound (approximately 1500 m/s); thus, compressibility can be ignored within the range of velocities for
the irrigation fluid entering the fluid bag or bladder. Although the drip chamber in the irrigation infusion set
used in this study collects drops of fluid that may lead to an unsteady state, this localized area is negligible com-
pared with the overall analysis domain. Therefore, the unsteady state occurring at the drip chamber has minimal
impact on the results of this study, and the assumption of steady state can be considered satisfied. Finally, the
energy transfer between the irrigation infusion set and the surroundings is negligible in magnitude. Therefore,
the assumptions utilized in the application of the friction-adjusted Bernoulli’s equation are considered appropri-
ate for the data analysis and interpretation in this study.

Continuity equation
In this study, control volume analysis was performed using the continuity and Bernoulli equations while con-
sidering friction based on the assumptions. The continuity equation applied to the analysis domain in this study
is shown in Eq. (1).

A1V =AV, = A3V3 (1)

where A and V represent cross-sectional area and area-averaged velocity, respectively. As previously mentioned,
subscript 1 refers to half of drip chamber, subscript 2 refers to connection between the irrigation infusion set
and indwelling catheter (end of irrigation infusion set). Subscript 3 is the end of the indwelling catheter. A|V,
A,V,, A;V; are the volumetric flow rates at half point of drip chamber, end of the irrigation infusion set, and end
of the indwelling catheter, respectively. The velocity of fluid at each point can be calculated based on the inner
diameter of the tube at each point.

Friction-adjusted Bernoulli’s equation

The Bernoulli equations that consider friction and are applied to the target of analysis are as follows. The friction-
adjusted Bernoulli equations applied between point 1 and point 2, and between point 2 and point 3 are repre-
sented by Egs. (2) and (3), respectively. By adding Eqgs. (2) and (3), the friction-adjusted Bernoulli’s equation
applied between point 1 and point 3, which represents the beginning and end of the entire target of analysis, can
be expressed, as given in Eq. (4).

P, aV? P, aV?
=Ly =2+ 2 rn+hy, @)
pg 28 rg 28
P, aV? P;  aV?
24T 2=+ 2 4 +hy (3)
pg 28 pg 28
P,  aV? P;  aV?
— =L =2 4 23 by (4)
rg 28 rg 28

where P, p, g, z and h; represent pressure, density, gravity constant, height and head loss due to the friction,
respectively. The term a is the kinetic energy correction factor, having a value of about 2.0 for fully developed
laminar pipe flow.
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Characteristic equation
In this study, a characteristic equation was derived by simultaneously solving the continuity equation and the
friction-adjusted Bernoulli’s equation to investigate the flow characteristics of the irrigation fluid entering the
bladder based on factors such as fluid temperature, bladder pressure, height of the irrigation infusion set, and
size of the indwelling catheter. The resulting characteristic equation represents the relationship between the
temperature of the irrigation fluid, bladder pressure, height of the irrigation infusion set, size of the indwelling
catheter, and the flow rate of the irrigation fluid entering the bladder and was derived as follows:

The total head loss of the entire target of analysis can be calculated by summing up the head losses in the
irrigation infusion set and indwelling catheter, as given in Eq. (5).
Lis LIZS £ Le \Lé

hgi_3 =hgip +hey3 =fis—

dis 2g Cdc 2g )

Subscript IS represents the irrigation infusion set, and fis is the Darcy friction factor of the irrigation infusion set.
Ly is the length of the fluid tube, while dys is the diameter of the fluid tube. V5 is the area-average velocity of the
fluid flowing through the tube. Subscript C refers to the indwelling catheter, and f.. is the Darcy friction factor
of the indwelling catheter, and L. is the length of the indwelling catheter. d.. is the diameter of the indwelling
catheter, and V. is the area-average velocity of the fluid flowing through the indwelling catheter.

Additional head loss occurs at the zones at which the intra-tube diameter changes between point 1 and point
3 (between drip chamber and fluid tube, and between fluid tube and indwelling catheter). However, the length of
these zones is negligible compared with the entire system of analysis, so we did not consider head loss in these
zones. If the head loss in the zones of diameter change in Eq. (5) is negligible, Eq. (6) can be used.

LV, LV

hgi_3 =hg o +hep 3 =fis— =

b 20 €4, 2 (6)

Using the definition of the Darcy friction factor for laminar flow (f=64p/pVd Eq. (6) can be expressed as Eq. (7).
Where p represents the dynamic viscosity. In the case of turbulent flow, the Darcy friction factor is expressed
differently. However, the Re for the irrigation infusion set and the indwelling catheter confirmed a laminar flow.

64 Lig V2 641, Lc V3

hei—3 =hgi_s +hey3 =
BT TR T Ly & 2y pVad d 2 7
From the continuity equation (Eq. 1), V, can be expressed as a function of V; in the following form:
ds
Vo= 3V (8)
d

By entering Eq. (8) into Eq. (7), the head losses, h,_3, can be expressed as a function of V3, as shown in Eq. (9):
hei_3 =kV3 9)

Here, k is a constant that can be expressed based on the geometric information of the drip chamber, the tubing
in the irrigation infusion set, and the indwelling catheter:

_ 3ulgdj | 32ulc
pdyg di  pdig

(10)

Equation (4), which is the Bernoulli equation of friction from point 1 (1/2 point of the drip chamber) to point
3 (end of indwelling catheter), can be expressed in the form of Eq. (11) as follows:

PovE P

2v3
+z21=—+—"+23+kV3 (11)
pg 28 rg 28

At point 1 (midpoint in drip chamber), the pressure is approximately zero as the drip chamber is sealed off from
the atmosphere and exists in a vacuum-like state with only vapor pressure. If the end of the indwelling catheter
(point 3) is set as the reference point for height measurement, z; =0, and h represents the vertical distance (dif-
ference in height in the opposite direction of gravity) from the position of the catheter to the midpoint of drip
chamber.

Using the definition of the Darcy friction factor for laminar flow (f=64/Re), Eq. (6) can be expressed as
Eq. (7).

Furthermore, using the continuity equation (Eq. 1), V3 = (dg/d‘f)V%. Thus, Eq. (11) can be expressed as a
quadratic equation of V; as shown in Eq. (12):

1(d3 P
-1 =2-1 V§—kv3+(h——3):0 (12)
g\ dj rg
Thus, we can analyze the relationship among the geometric shape of the irrigation infusion set and the
indwelling catheter, bladder pressure (P;), the height from the end of the catheter to the midpoint of the drip
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chamber (h), and the flow rate of the irrigation fluid by obtaining the solution to the quadratic equation of the
characteristic equation (Eq. 12).

Reynolds number
In this study, the validity of the laminar flow assumption was assessed by calculating the Reynolds number (Re).

_ pVD
v

Re (13)

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.

Received: 1 June 2023; Accepted: 10 November 2023
Published online: 12 November 2023

References

1. Lee, H. M. & Jeong, J. S. Epidemiology of lower urinary tract symptoms: emphasis on the status in Korea. Korean J. Urol. 55(5),
300-308. https://doi.org/10.4111/kju.2014.55.5.300 (2014).

2. Abdelrahman, M. et al. A comparative assessment of irrigation and drainage characteristics for commercially available urethral
catheters. Cent. Eur. J. Urol. 70(4), 382-387. https://doi.org/10.5173/ceju.2017.1494 (2017).

3. Ng, C. Assessment and intervention knowledge of nurses in managing catheter patency in continuous bladder irrigation following
TURP. Urol. Nurs. 21(2), 97-98 (2001).

4. Walton, T. ]., Heads, S., Parkinson, R. J. & Griffiths, T. R. L. An improvised delivery system for irrigation. Ann. R. Coll. Surg. Engl.
90(5), 429-430. https://doi.org/10.1308/rcsann.2008.90.5.429b (2008).

5. Agency for Clinical Innovation Urology Network. Bladder Irrigation: Management of Hematuria. https://aci.health.nsw.gov.au/
data/assets/pdf_file/0009/497088/ACI-Urology-Bladder-Irrigation.pdf (2019).

6. Cutts, B. Developing and implementing a new bladder irrigation chart. Nurs. Stand. 20(8), 48-52. https://doi.org/10.7748/ns2005.
11.20.8.48.¢3993 (2005).

7. Jang, K. S. et al. Nursing activities and outcomes related to indwelling urinary catheterization from a review of medical records
and interviews. J. Korean Acad. Fundam. Nurs. 15(4), 438-448 (2008).

8. Jeong, L. S. et al. Development of Indwelling Urinary Catheterization Guideline by Adaptation Process (Korean Hospital Nurses
Association, 2015).

9. Mohammadi, M. Biomedical Engineering Research and Development on Addressing Urethral Incontinence and Bladder Irrigation
(The University of Maine, 2015).

10. Okorie, C. O. Is continuous bladder irrigation after prostate surgery still needed. World J. Clin. Urol. 4(3), 108-114. https://doi.
org/10.5410/wjcu.v4.i3.108 (2015).

11. Carneiro, A. et al. Same sized three-way indwelling urinary catheters from various manufacturers present different irrigation and
drainage properties. Ther. Adv. Urol. 12, 1-9. https://doi.org/10.1177/1756287219889496 (2020).

12. Chang, D., Manecksha, R. P, Syrrakos, K. & Lawrentschuk, N. An investigation of the basic physics of irrigation in urology and
the role of automated pump irrigation in cystoscopy. Sci. World J. 2012, 1-6. https://doi.org/10.1100/2012/476759 (2012).

13. Weaver, J. Combating complications of transurethral surgery. Nursing 31(7), 1 (2001).

14. Reichelt, A. C., Dressler, E E, Gratzke, C., Miernik, A. & Schoeb, D. S. Evaluation of functional parameters, patient-reported
outcomes and workload related to continuous urinary bladder irrigation after transurethral surgery. Transl. Androl. Urol. 10(7),
2921-2928. https://doi.org/10.21037/tau-21-165 (2021).

15. Korean Urological Association. Urology Insurance Claim: Know-How & Tip (2016).

16. Braasch, M. et al. Irrigation and drainage properties of three-way urethral catheters. Urology 67(1), 40-44. https://doi.org/10.
1016/j.urology.2005.07.007 (2006).

17. Lee, J. H. et al. Flow measurement in the vascular access conduit basedon the Bernoulli’s theory. Vasc. Spec. Int. 20(2), 115-124
(2004).

18. Jung, M. J. & Hong, J. K. Analysis on dispersion of airborne cough droplets for COVID-19 social distancing policy. Korean J. Air-
Cond. Refrig. Eng. 33(10), 533-542. https://doi.org/10.6110/KJACR.2021.33.10.533 (2021).

19. Jo, Y. L et al. Bio Fluid Mechanics (YASMEDIA, 2006).

20. Morris, P. D. et al. Simultaneous kissing stents to treat unprotected left main stem coronary artery bifurcation disease; stent expan-
sion, vessel injury, hemodynamics, tissue healing, restenosis, and repeat revascularization. Catheter. Cardiovasc. Interv. 92(6),
381-392. https://doi.org/10.1002/ccd.27640 (2018).

21. White, F. M. Fluid Mechanics, 8th ed. (McGraw-Hill Education, 2017).

22. Lee, H,, Lee, Y. K, Park, J. Y. & Han, J. W. Analysis of flow rate and pressure in syringe-based wound irrigation using Bernoulli’s
equation. Sci. Rep. 12(1), 1-10. https://doi.org/10.1038/s41598-022-19402-2 (2022).

23. Choong, S. S., Walkden, M. & Kirby, R. The management of intractable haematuria. BJU Int. 86(9), 951-959. https://doi.org/10.
1046/j.1464-410x.2000.00900.x (2000).

24. Ma, Z. Z.,Han, Y. X., Wang, W. Z., Kan, Y. N. & Niu, M. E. The use of a homemade rate adjustment card in patients with continu-
ous bladder irrigation after transurethral resection of the prostate. Trans. Androl. Urol. 9(5), 2227-2234. https://doi.org/10.21037/
tau-20-1288 (2020).

25. Nojiri, Y. et al. Continuous bladder irrigation following transurethral resection of the prostate (TURP). Nihon Hinyokika Gakkai
Zasshi 98(6), 770-775. https://doi.org/10.5980/jpnjurol1989.98.770 (2007).

26. Choi, M. J., Kang, G. S. & Lee, K. I. A non-invasive ultrasonic urinary bladder internal pressure monitoring technique: Its theoretical
foundation and feasibility test. J. Korean Soc. Nondestruct. 32(5), 526-539. https://doi.org/10.7779/JKSNT.2012.32.5.526 (2012).

27. Chapple, C. R,, Hillary, C. J., Patel, A. & MacDiarmid, S. A. Urodynamics Made Easy e-Book (Elsevier, 2018).

28. Ozbek, H., Fair, J. A. & Phillips, S. L. Viscosity of aqueous sodium chloride solutions from 0-150°C (No. LBL-5931) (Lawrence
Berkeley National Lab, 1977). https://www.osti.gov/biblio/988166

Author contributions

All authors developed a hypothesis, searched the literature, reviewed the relevant articles, analyzed the data,
interpreted the findings, and wrote a manuscript. All authors reviewed the manuscript. All authors have approved
the manuscript.

Scientific Reports|  (2023) 13:19715 | https://doi.org/10.1038/s41598-023-47198-2 nature portfolio


https://doi.org/10.4111/kju.2014.55.5.300
https://doi.org/10.5173/ceju.2017.1494
https://doi.org/10.1308/rcsann.2008.90.5.429b
https://aci.health.nsw.gov.au/data/assets/pdf_file/0009/497088/ACI-Urology-Bladder-Irrigation.pdf
https://aci.health.nsw.gov.au/data/assets/pdf_file/0009/497088/ACI-Urology-Bladder-Irrigation.pdf
https://doi.org/10.7748/ns2005.11.20.8.48.c3993
https://doi.org/10.7748/ns2005.11.20.8.48.c3993
https://doi.org/10.5410/wjcu.v4.i3.108
https://doi.org/10.5410/wjcu.v4.i3.108
https://doi.org/10.1177/1756287219889496
https://doi.org/10.1100/2012/476759
https://doi.org/10.21037/tau-21-165
https://doi.org/10.1016/j.urology.2005.07.007
https://doi.org/10.1016/j.urology.2005.07.007
https://doi.org/10.6110/KJACR.2021.33.10.533
https://doi.org/10.1002/ccd.27640
https://doi.org/10.1038/s41598-022-19402-2
https://doi.org/10.1046/j.1464-410x.2000.00900.x
https://doi.org/10.1046/j.1464-410x.2000.00900.x
https://doi.org/10.21037/tau-20-1288
https://doi.org/10.21037/tau-20-1288
https://doi.org/10.5980/jpnjurol1989.98.770
https://doi.org/10.7779/JKSNT.2012.32.5.526
https://www.osti.gov/biblio/988166

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-47198-2.

Correspondence and requests for materials should be addressed to J.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:19715 | https://doi.org/10.1038/s41598-023-47198-2 nature portfolio


https://doi.org/10.1038/s41598-023-47198-2
https://doi.org/10.1038/s41598-023-47198-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Analysis of flow rate of continuous bladder irrigation according to the height of the irrigation infusion set
	Results
	Analysis of flow rate with room temperature fluid (22 °C 0.9% NS) by the height of the irrigation infusion set
	Analysis of flow rate with cold fluid (4 °C 0.9% NS) by the height of the irrigation infusion set
	Comparison of flow rate according to the size of indwelling catheter and height of irrigation infusion set
	Validity of the assumption of laminar flow

	Discussion
	Conclusion
	Methods
	Study design
	Subject of interpretation
	Irrigation fluid
	Irrigation infusion set
	Height of irrigation infusion set
	Indwelling catheter
	Connection between the irrigation infusion set and the indwelling catheter
	Intra-bladder pressure

	Data collection
	Density and viscosity of irrigation fluid
	Length and inner diameter of irrigation infusion set
	Height from the bladder to the irrigation infusion set
	Length and inner diameter of indwelling catheter
	Intra-bladder pressure

	Data analysis
	Assumptions
	Continuity equation
	Friction-adjusted Bernoulli’s equation
	Characteristic equation
	Reynolds number


	References


